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CHAPTER I 
INTROPUCTION 
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тяо истт 
All "living" matter consista of the same major atoms (C(H, 
Ν,Ο,Ρ and S) which are arranged into the same building blocks: 
e.g. amino acids, nucleotides, fatty acids and carbohydrates. 
The difference between (micro)organisms is primarily a matter 
of complexity, the chain-length and sequence of the macromole-
cules, their interaction with each other and therefore their 
function. The awareness of this biological uniformity together 
with the observation of less complex biosynthetic pathways in 
lower organisms has supported the hypothesis of Charles Darwin 
of biological evolution in time. Since the complexity of man 
also includes the strong function of curiosity, the question 
arose how the biologically important molecules were produced 
before life began. This question was the start of the study of 
"the origin of life" or abiogenesis. 
An important approach to the problem of the origin of life 
was made independently by two scientists, Oparin (1924,1938) and 
Haldane (1929) (The Oparin-Haldane hypothesis). In this model 
the primitive atmosphere would have contained methane, ammonia, 
hydrogen and other reduced carbon or nitrogen-containing 
molecules but no oxygen. Under these conditions, reactions would 
be possible leading to the formation of a "primordial soup" of 
biochemical precursors. These molecules could then react further 
to produce molecules with higher molecular weights, e.g. amino 
acids to peptides. The macromolecules, so formed, would then 
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organize themselves Into self-organizing particles, perhaps the 
first form of "life". 
The time available for the so called chemical evolution 
seems very short on a geological time scale. The age of rocks 
can be determined by isotopie decay. Although no rocks as old 
as the Earth are known, it is possible to estimate the age of 
the Earth by making use of isotopie data for the oldest known 
terrestial rocks, lunar rocks and meteorites (Moorbath it at., 
1973; Miller and Orgel,1974; Anders,1964,1968). This age has 
9 
been shown to be 4.6 χ 10 years. The other end of the time 
scale for chemical evolution is determined by the presence of 
the first known microorganisms. The earliest known organisms are 
suggested by the presence of stromatolites in Western-Australia 
(Lowe,1980; Walter it αέ.,19ΘΟ). The age was measured by dating 
g 
the encapsulating rocks, and was determined to be 3.5 χ 10 
years. Associated with these rocks are fossil microorganisms 
described by J.W.Schopf and M.R.Walter (in press). The species 
found resemble filamentous algae and therefore were already 
"complex" life forms. Such data on both ends of the time scale 
leave only a short period of time for chemical evolution from a 
geological point of view (Miller and Orgel,1974). 
The first successful experiments on the basis of the 
Oparin-Haldane hypothesis were made by Stanley Miller (1953) . 
A primitive reducing atmosphere was simulated with methane, 
ammonia, hydrogen and water. These gases were mixed together 
into a specially designed apparatus (fig. 1)) the energy source 
was an electrical spark-discharge. Water vapor was obtained by 
heating the water in the reservoir under reflux. The results 
of the analyses of the products which were formed after a 
reaction time of 7 days (continuous spark-discharge) were remark­
able. The water-soluble fraction, after ion-exchange chroma­
tography, yielded several amino acids including glycine, alanine, 
3-alanine and aspartic acid (Miller,1953). Large quantities of 
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formic acid and several other acids were also identified. These 
results stimulated further research on chemical evolution and 
many workers have performed similar experiments with variations 
in the ratio of the starting gases, with other possible gaseous 
compounds and different energy sources (Miller and Orgel,1974). 
Most of these experiments yielded the same classes of products. 
A search for intermediate compounds yielded two major products, 
hydrogen cyanide and formaldehyde, in addition to other aliphatic-
aldehydes (Miller,1957a,b). Mechanistically, the formation of 
amino acids from such mixtures can be explained by invoking the 
Strecker synthesis (scheme 1)(Miller,1957a). 
SCHEME 1 
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The addition of ammonia to an aldehyde leads to the formation 
of a hydroxyamino-derivative I, which after elimination of water 
and addition of hydrogen cyanide, yields an aminonitrile II which 
can be readily hydrolyzed to an amino acid III. 
Formaldehyde could also have played a major role in the 
prebiotic synthesis of carbohydrates ІЛ the formose reaction 
(Gabel and Ponnamperuma,1967; Reid and Orgel,1967). 
HWROGEN m W I P E 
Formaldehyde and hydrogen cyanide, both intermediate 
products in the Miller experiment, have also been identified 
spectroscopically as abundant molecules in the universe (Snyder 
e¿ α£.,1969; Snyder and Buhl,1970). Although for most higher 
organisms hydrogen cyanide is a very toxic compound (Lehninger, 
1970) , it is considered to have played a key role in chenil cal 
evolution and the origin of life. 
The first observations on HCN chemistry were made in 
1806 (Proust). Proust reported the existence of a brown solid 
in hydrogen cyanide solutions, which was named "azulmic acid" 
(Boullay,1830). The assumption that azulmic acid was a polymer 
of HCN was first suggested by Gautier (1830), and subsequent 
structural analyses and experimental properties for the elu­
cidation of the so called polymer were performed (Gautier,1869). 
A molecular formula of (HCN) .0, was estimated, the solvent (B.O) 
providing the incorporated oxygen-atoms. It was not until I960 -
almost one century later - that VOlker proposed new structures 
for azulmic acid. He suggested that it was produced VAJL the 
dimerization of iminoacetonitrile (a dimer of HCN) initiated 
by an anionic compound. Infrared spectroscopy indicated the 
presence of nitrile functions - especially when the oligomeri-
zation was performed in non-aqueous solvents such as chloroform -
as well as possible iminogroups. Polymerization studies on 
acrylonitrile showed cyclization reactions by an initial attack 
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of the neighbouring nitrile functions, initiated by the presence 
of a base (La Combe,1957). Volker postulated the same type of 
mechanism with iminoacetonitrile as starting monomer. This com-
pound will polymerize to a long-chain intermediate with nitrile 
functions on one side and amino groups on the other side. The 
nitrile groups then undergo 1,3 cyclization to yield a six-
member ed ring system (IV) as in the case of acrylonitrile. This 
type of polymerization can be performed a second time with the 
remaining nitrile groups to form the postulated polymer V (V&lker, 
I960). 
In 1923, glycine and oxalic acid were obtained by hydrolysis 
of the "HCN polymer" and, in fact, this experiment was the first 
one with some biological interest (Bedel,1923). Later hydrolysis 
experiments on azulmic acid with 6N HCl for 24 h were performed 
by Labadie tt at.(1968a). These workers characterized several 
amino acids, urea, guanidine, N-guanylglycine and 4ramino-
imidazole-5-carboxamidlne following ion-exchange chromatography 
on the hydrolysate. Azulmic acid could also be used as carbon 
source for certain microorganisms (Labadie it &£.,196Bb). Ammonium 
cyanide solutions, when heated at 90 С for several hours, yielded 
azulmic acid and a red-brown, water-soluble solution. After fil­
tration and cooling a precipitate was formed (Labadie Zt at., 
1967a,b). This precipitate was examined after acid hydrolysis, 
and was shown to yield primarily glycine together with guanidine, 
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N-guanylglycine, urea and several other amino acids. Electron 
microscopy of the precipitate before hydrolysis revealed the 
presence of particles resembling protenoid microspheres and 
marigranueles formed by thermal reaction between amino acids 
(Fox and Harada,1960; Fox and Dose,1977; Yanagawa and Egami,1980). 
The water-soluble part of the HCN solution is more readily 
investigated. After separation of the azulmic acid by filtration, 
a number of analytical approaches have been used which can be 
sub-divided into three main types; hydrolysis experiments and 
subsequent identification of the reaction products; model reac-
tions with intermediate compounds (or their derivatives) which 
could lead to the formation of biologically important reaction 
products and, therefore, the possible elucidation of reaction 
mechanisms; and finally the identification of compounds prior 
to hydrolysis which could be the direct intermediate compound 
in an overall raction scheme. The first hydrolyses of HCN 
solutions were performed in 1923 as mentioned above (Bedel,1923). 
However it was not until quite recently that research on HCN 
chemistry, based on the formation of biologically important 
molecules, has developed. Following Miller's (1957) proposal 
that HCN was an intermediate in the spark-discharge synthesis of 
amino acids, it might have been also a (key) intermediate in the 
synthesis of other biochemicals on the primitive Earth. 
Identification of adenine in solutions of hydrogen cyanide 
was reported using paper chromatography (Orò,1960; Oró and 
Kimball,1961). This first isolation of a purine of the genetic 
code was of great importance to chemical evolution studies and 
consequently prompted further study in this field. In comparable 
experiments, 4[5]-aminoimidazole-5[4]-carboxamide (AICA), 4[5]-
aininoimidazole-5[4]-carboxamidine (AICAI) , formamide, formamidine 
and guanidine were also identified (Oró and Kimball,1962). AICAI 
and formamidine probably resulted from high concentrations of 
ammonia present in the starting material.Guanine, another purine 
of DNA, was tentatively identified as a product of the reaction 
of AICA and guanidine (both compounds were identified in hydroLy-
sates of HCN solutions)(Oró and Kimball,1962) and by the reaction 
of ammonium cyanide and cyanic acid in zeolites at 120 С (Seel 
(Li Ol. ,1982) . 
The words "oligomerization" and "oligomers" are used in 
place of the earlier "polymerization" and "polymers". This is 
due to the fact that the molecular weights of the products formed 
in HCN solutions are relatively low (Ferris it at.,1972a,b). In 
all the experiments with HCN as starting compound, diamino-
maleonitrile (DAMN) , the (U-6-tetramer, is obtained and is 
considered to be the key intermediate in most suggested mechanisms 
(Sanchez it al.,1967). Matthews and Moser (1967; Matthews,1979) 
claimed to have isolated peptides from hydrogen cyanide, but this 
claim has not been accepted generally (Ferris e^t OÍ., 1973a; 
Ferris,1979), although Draganic i t at. (1977) also suggested the 
formation of peptide material by exposing hydrogen cyanide solu-
tions to ionizing radiation. 
The building blocks of proteins, the amino acids, have 
been isolated from a variety of experiments. At least six dif-
ferent amino acids have been reported, with glycine as the most 
abundant (0.6%) (Oró and Kamat,1961; Lowe it αέ.,1963; Ferris 
et od.,1973b,1974a; Draganic et α£.,1980). Another class of 
nitrogen-containing compounds, the pyrimidines, have also been 
isolated and identified after hydrolysis (Ferris et al., 1977; 
1978). A major product is 4,5-dihydroxypyrimidine. A minor 
pyrimidine which was characterized was 5-hydroxyuracil. 
Orotic acid was identified after hydrolysis at pH 8.5 or hydro­
lysis with 6N HCl followed by hydrolysis with IN NaOH. A fourth 
N-heterocyclic structure, the hydantoins, have also been 
reported from HCN solutions upon hydrolysis (Ferris it at., 
1974b). 
To summarize : several classes of biologically important 
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molecules can be synthesized directtly by self-condensation 
reactions of hydrogen cyanide. The pathway of these synthesis 
has been the subject of a great deal of research in prebiotic 
organic chemistry. Two possible pathways have been proposed: 
firstly; ІД dimerization of a hypothetical HCN dimer, amino-
carbene (Matthews and Moser,1967) and secondly; a stepwise 
addition of ~CN to HCN, proceeding лл the hypothetical dimer 
iminoacetonitrile (Ferris it &£.., 1972b) and leading to the 
formation of the HCN tetramer, diaminomaleonitrile (DAMN). The 
latter pathway is now accepted generally. The optimal conditions 
for the oligomerization of HCN to DAMN were determined by Sanche 
Sanchez OX at. (1967) and shown to require solutions of O.OlM 
or more at pH 9.2, which is equal to the pK of HCN. (HCN 
solutions are usually prepared by the addition of ammonia to 
pH 9.2. The use of MgO in the oligomerization has also been 
investigated (Yuasa tt a£.,1970) as well as added nucleophiles 
such as monomethylamine (Ferris it at.,1973b)). The formation of 
iminoacetonitrile is the rate-limiting step. Very dilute solutions 
(<0.0lM) will hydrolyse to formamide and subsequently to formic 
acid. This fact has put some constraints on HCN as a key inter-
mediate in prebiotic chemistry. The extreme upper limit of HCN 
dissolved in the primitive ocean was 0.2M, assuming all available 
nitrogen is involved in HCN formation (Schwartz and Goverde,19B2). 
Three possibilities have been suggested to explain the production 
of biomolecules despite the fact of low absolute quantities of 
HCN. Firstly: the oligomerization could have taken place in 
specific locals (lagoons) where the concentration might have been 
high enough for the oligomerization. Secondly: the oligomeri-
zation might have occurred in eutectic mixtures at -10 С to 
-23 С The concentration of HCN in the liquid phase will be 
increased by freezing out the water (at -23.4 С the composition 
of the liquid phase is 74.5 mol % HCN)(Sanchez eX al., 1966). 
Thirdly: the rate of the oligomerization reaction was 
accelerated by the presence of formaldehyde or glycolonitrile 
(the cyanohydrin of formaldehyde) (Schwartz and Goverde,1982). 
The Isolation of 4[Sj-aminoimidazole-S[4]-carboxamide has 
led to several mechanisms being proposed for the synthesis of 
adenine. Suggested intermediate compounds are 4[5]-aminoimidazole-
5[4]-carbonitrile (AICN) (Ferris and ОгдеІ/ІЭбба^) and 
4[5]-aminoimidazole-5[4]-carboxamidine (AICAI) (Огб and Kimball, 
1962) . In two pathways the reaction could proceed VÁJL the BCN 
trimer which then reacts further with either formamidine, or 
ammonia and formamidine, to yield imidazoles. In both mechanisms 
a high steady-state concentration of formamidine is necesary. 
A third pathway is the isomerization of the HCN tetramer (DAMN) 
which will then react with formamidine to produce AICN (Sanchez 
Zt at.,1967). Photochemical rearrangement of DAMN to the tAorU-
isomer and subsequent conversion to the imidazole, have been 
suggested as an alternative mechanism which could have occurred 
on the primitive Earth. Photochemical model reactions with DAMN 
and DAMN-derivatives as starting material have been shown to 
produce imidazole derivatives (Ferris i t ut.,1969,1979a; Ferris 
and Orgel,1966? Ferris and Kunder,1970; Ferris and Trimmer,1976; 
Ferris and Antonucci,1974). 
The identification of urea and oxalic acid upon hydrolysis 
of HCN oligomerization products in the absence of oxygen sugges-
ted internal reduction-oxidation reactions (Ferris and Ryan,1973), 
The isolation of diaminosuccinic acid in such solutions after 
'».-χ.. -*-
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fanmomalmrtrMt 
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hydrolysis (Ferris it at.,1974a,c), indicates the presence of 
diaminosuccinonitrile, which would be formed by reduction of 
the HCN tetramer DAMN (Ferris and Eâelson,197e). The very reac-
tive intermediate diiminosuccinonitrile could also be synthesized 
by the oxidation of DAMN and could then serve as the precursor 
for urea and oxalic acid. The oxidation of DAMN was also inves-
tigated by the action of clays. Ferris tt at. (1979b,1981a, 
1982) showing an inhibition of the HCN oligomerization by 
montmorillonite which is probably due to the oxidation of DAMN 
by Fe present in the clay lattice. 
Few attempts have been made to isolate and characterize the 
oligomers obtained directly from HCN prior to hydrolysis. Only 
the HCN tetramer (DAMN) has been identified in dilute solutions. 
AICA, AICAI, the amino acids glycine, aspartic acid and alanine, 
formamide and formamldine have been reported in solutions with 
a high concentration of ammonia (Oró and Kimball,1962). Some 
attempts also were made by means of nuclear magnetic resonance 
spectroscopy to obtain more information about the functional 
groups present in the HCN oligomers before hydrolysis, which 
is very diffecult because of the complexity of the oligomers 
(Ferris tt Ot.,1981b). 
PURPOSE OF THIS STUPV 
In order to elucidate the pathway(s) for the formation of 
adenine in hydrogen cyanide solutions, it was necessary to attempt 
the isolation of intermediate compounds involved in the proposed 
mechanisms. Most of the experiments conducted previously to 
support proposed pathways, however, have been model studies, e.g. 
the reaction of the trimer aminomalononitrile and formamidine, 
or the isomerization of the C¿¿-tetramer DAMN to the tWM-
isomer, followed by ring-closure to the corresponding imidazole. 
Biomolecules such as adenine have been produced from solutions 
of NaCN adjusted to pH 9.2 with HCl (Ferris it a£.,1978 ) . Under 
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these conditions the amount of ammonia present is not suf-
ficient for the high steady-state concentration of formamidine 
which is necessary for the reaction with the HCN trimer to 
produce the proposed imidazole derivatives (Sanchez &t at.,1967). 
The suggested isomerization of the C¿4-tetramer (in the second 
proposed mechanism) to produce imidazole derivatives also seems 
unlikely. Firstly: the -ttatti-isomer is at best a very minor 
component in HCN solutions and secondly: Shuman tt oJL. (1979) 
have demonstrated the synthesis of an imidazole derivative by 
addition of HCN to the C-04-tetramer with subsequent ring-closure, 
although the reaction was performed in butano1 as solvent. It 
is assumed, therefore, that the formation of adenine from HCN 
is not dependent on an isomerization reaction or reactions with 
formamidine. 
Another subject for investigation was the synthesis of 
adenine in very dilute solutions (O.OlM or less) below the 
freezing point of water. 
Furthermore a specific search was undertaken to identify 
uracil, a pyrimidine common to the genetic code, in HCN solutions. 
This thesis attempts to provide several answers to the 
questions asked above. 
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CHAPTER I I 
IS 5,5- ШЕТН іН т01Н AN HCM OLIG0MERIZATIÖN PROVUCT ? 
Andries B. Voet 
- 2 3 -
15 5,5- ШЕГНУШУ АЫТ01И AN KCN OLIGUMERIZATION PROOUCT ? 
IWTROPUCTIÖW: 
Hydantoins have been isolated and identified as products 
from the oligomerization of HCN (Ferris zt at.,1974). These 
compounds can be hydrolyzed to amino acids (Henze and Craig,1945; 
Stark and Smyth,1963) and could therefore afford a direct route 
to the formation of amino acids from HCN. One of the hydantoins 
identified was the 5,5-dimethylhydantoin 1 (5,5 DMH). 
•Ц'-'^СНз 5,5-dimethylhydantoin 
H 
-'CH It seemed unlikely that the isopropylidene group -C 3 present 
"
C H3 
in this compound could have been formed during the oligomerization 
reaction. We have therefore reinvestigated the claimed presence 
of 5,5-dimethylhydantoin in solutions of HCN that have undergone 
oligomerization. The results are presented here. 
METHOPS AMP MATERIALS: 
Gas chromatography ; 
Gas chromatographic analyses were performed on a Varían Model 
1400, equipped with a 2m χ Зшт glass column and flame-ionization 
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detector. The column was packed with either 3% OV-17 on 
chromosorb G-AW or 3* OV-101 on chromosorb G-AW. Helium was used 
as carrier gas (30 ml/min.). Temperature programming was from 
100 to 200OC with 40/mln. 
Cyanide solutions : 
a). O.lM and iM HCN solutions were prepared either by adjusting 
a NaCN solution to pH 9.2 with HCl or by adjusting a HCN solution 
to pH 9.2 with NH . The solutions were allowed to stand at room 
temperature for at least θ months. 
b). IM HCN solutions, with and without the addition of acetone, 
were prepared in a similar manner to that described above. 
They were then maintained at 45 С for θ days and 55 С for б days. 
Both sets of solutions were analyzed both before and after acid 
hydrolysis with 6M HCl (18 h, 1100C). 
Sephadex G-15 separation: 
The elution volume of 5,5-DMH in 0.03M NH.OH was determined 
4 
with a standard solution on a 90 χ 1.6 cm Sephadex G-15 column. 
The fractions (12 ml) were collected automatically and monitored 
continuously at 254 nm using an LKB fraction collector connected 
to a Uvicord optical unit. 
Silylation: 
Samples (and standards) were suspended or dissolved in aceto-
nitrile, and 5 vl of this solution was then treated with 5 yl 
MSTFA and kept in a sealed glass tube at 150 С for 15 minuts 
(optimum conditions for the silylation of 5,5-DMH,· determined 
experimentally). Ιμΐ of this solution was analyzed on GC for 
5,5-DMH 
Materials ; 
5,5-dimethylhydantoin was purchased from Aldrich-Europe and 
acetone (analytical quality) from Merck; N-methyl-N-trimethyl-
silyltrifluoroacetamide (MSTFA) from Macherery-Nagel and Co. 
and acetonitrile (HPLC quality) from J.T.Baker Chemical Co. The 
-25-
Dowex cation exchange resin AG 50W-X8 (50-100 mesh, В ) was of 
analytical grade and obtained from Bio-Rad. The Sephadex was 
purchased from Pharmacia Fine Chemicals. 
RESULTS AHO DISCUSSION: 
Ferris and coworkers (1974) established the yield of 
5,5-DMH in hydrogen cyanide solutions after acid hydrolysis at 
1.5-3 mg per liter by means of a standard color-test (Stahl,1967). 
This method is not very accurate and, in addition, the lower limit 
of detection on TLC was 100 ug 5,5-DMH per spot. We therefore 
used gaschromatography for the detection of 5,5-DMH. Additional 
purification procedures were performed to concentrate 5,5-DMH in 
relation to other products and therefore increase the sensitivety 
of the total analysis by decreasing the end volume. Therefore the 
oligomerization mixtures were first applied to a Sephadex-G15 
column and eluted with 0.03M NH.OH and then subjected to a 
charcoal purification as described previously (Voet and Schwartz, 
19Θ2). The recovery of 5,5-dimethylhydantoin on charcoal was 
determined to be quantitative. 5,5-DMH could not be detected in 
any of the products before or after acid hydrolysis. The lower 
limit for detection of 5,5-DMH on both columns was 25 ng. Because 
of our purification procedures the final fraction could be 
dissolved in 0.1 ml acetonitrile and therefore a minimum amount 
of 5 pg 5,5-DMH could still be detected, corresponding to 50 -
100 pg per liter. 
Hydantoins are frequently formed by the Bucherer-Bergs 
synthesis, using a cyanide and a carbonyl derivative in the 
presence of ammonium carbonate. The first step in this synthesis 
is the formation of the cyanohydrin which can react further with 
NH and C0_ to produce the hydantoin (Ware,1950 and references 
therein). Another pathway for the synthesis of hydantoins is the 
reaction of the cyanohydrin with urea (Pinner and Lifschütz,1887; 
Ware,1950). 5,5-DMH can be synthesized in this way from hydrogen 
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cyanide, acetone and urea which is a product from the oligomeri-
zation of HCN solutions (Scheme 1). 
H3C 
HiC' 
\ Θ 
C=0 + CN 
/ 
НзС\ /CN 
* Л \ « 
scheme 1 
/ 
Η Ν — a
 CH w 
HN-K 
0=C' 
ч„/л
сн
; -л. ! л 
Η 
5.5 DMH 
^СН, 
We therefore prepared hydrogen cyanide solutions with various 
amounts of added acetone. The fractionation and analysis of the 
cyanide solutions containing acetone were performed in the same 
way as described above. 5,5-DMH was identified on two columns 
by comparing its retention time with that of an autentic sample, 
and was shown to be present in solutions containing 1 ml or 
more of acetone per liter (table 1.). 
Solutions 
IM NaCN 
IM NHiCN 
1M NHiCN 
1M NHcCN 
O.IMNHiCN 
acetone т і Д 
10 
2 
1 
-
-
5,5 DMH mg/L. 
13 
3.7 
2 Λ 
-
-
table 1 
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The detection of 5,5-DMH in HCN solutions after the addition of 
acetone to the starting materials and the absence of this 
compound in solutions without acetone, suggests the possibility 
that the 5,5-DMH observed by Ferris Zi. ai. was due to an artefact 
and may in fact have been synthesized vZo. inadvertent addition 
of acetone. Since acetone is used commonly in organic chemical 
laboratories to dry glassware, this seems a reasonable 
supposition. 
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CHAPTER I I I 
URACIL SWTHESIS VU HCN OLTGOmRUATWN 
Andries B. Voet and Alan W. Schwartz. 
Origins of Life 12: 45-49, (1982). 
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URACIL SVVTfíESTS l/IA HCW OLIGOMERIZATION 
ABSTRACT 
Uracil is released from HCN oligomers upon acid hydrolysis 
in concentrations of 0.001% for IM HCN solutions to 0.005% for 
O.lM solutions. This yield is comparable with earlier reported, 
minor or nonbiological pyrimidines such as 5-hydroxyuracil and 
orotic acid. This is the first report of uracil itself ЛМ. HCN 
oligomerization. Data are presented which establish that the 
observed uracil is not formed by decarboxylation of previously 
formed orotic acid, but Uta acid hydrolysis of at least two 
other precursors. 
HCN has long been regarded as a key intermediate in the 
synthesis of nitrogen-containing biomolecules on the primitive 
Earth (Miller,1955; Abelson,1966). A variety of such products 
is produced wia the oligomerization of HCN under appropriate 
conditions (Oro and Kimball, 1961 ; Sanchez it aJL. ,1967) . Acid 
hydrolysis of the oligomers is known to produce biologically 
important purines and amino acids (Orö and Kimball,1961 ; Oro 
and Kamat,1961,· Sanchez гХ. α£.,1967,· Lowe tX α£.,1967; Ferris 
Ut al., 1974a; Ferris and Orgel,1965). Ferris zt ai. (1977,1978) 
have also identified 4,5-dihydroxypyrimidine, a major product, 
as well as much smaller amounts of 5-hydroxyuracil and - after 
hydrolysis at pH 8.5- orotic acid. However, none of the 
pyrimidines of the contemporary genetic code (uracil, cytosine 
and thymine) have been reported as products of HCN oligomeri­
zation , although orotic acid can be subsequently photochemically 
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decarboxylated to form uracil (Ferris and Joshi,1979). We report 
here the first identification of uracil among the products 
obtained by acid hydrolysis of HCN oligomers. 
Synthesis of uracil has also been reported v-LCL condensation 
of cyanoacetylene with cyanate (Ferris eX a^.,1968), and v-ta 
hydrolysis of 2,4-diaminopyrimidlne which is a product of the 
condensation of guanidine with cyanoacetaldehyde (Ferris tt oJL., 
1974b). Uracil can also be synthesized from urea with acrylo-
nitrlle (Огб,1963,1965) , be-ta-alanine (Chittenden and Schwartz, 
1976; Schwartz and Chittenden,1977) and a variety of carboxylic 
acids (Fox and Harada,1961; Takamoto and Yamamoto,1971 ; Harada 
and Suzuki,1976; Subbaraman tX a£.,1980). Hayatsu &t oJL. , (1972) 
have identified uracil in Fischer-Tropsch-type reactions. 
These authors suggest that syntheses of this type have contri-
buted to the organic material in carbonaceous meteorites. Uracil 
has indeed been identified in these meteorites (Stoks and 
Schwartz,1979) and the proposal that Fischer-Tropsch-type 
reactions have contributed to the synthesis of nitrogen-
containing compounds in meteorites has been recently re-examined 
in the light of new analytical data (Stoks and Schwartz,1981). 
Due to the importance of HCN in many prebiotic syntheses, and in 
view of the identification of uracil in carbonaceous chondrites, 
we have performed a specific search for the occurrence of 
uracil in hydrolysates of HCN oligomers. 
To one mole (27 g, 40 ml) freshly distilled HCN in 900 ml 
H20, was added sufficient concentrated NH OH to adjust the pH to 
9.2. the solution was then made up to iL with H O and allowed to 
stand at room temperature for at least 6 months. Similar solu-
tions were prepared at concentrations of O.lM . In addition, to 
exclude any possible artefacts due to fungal or bacterial 
contamination, sterile, iM cyanide solutions were prepared from 
NaCN + HCl. In one case the IM NaCN solution was autoclaved, 
cooled and adjusted to pH 9.2 with distilled 6M HCl. Another 
solution was prepared from NaCN and HCl, adjusted to pH 9.2 and 
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was then passed through a bacteriological filter (Millipore, 
0.45y). The resulting, soluble HCN oligomers were separated 
from the insoluble azulmic acid by filtration. An enrichment 
of the N-heterocyclic oligomers present in the soluble fraction 
was performed on activated charcoal Figure 1). 
IMHCN 
L fillrjllon 
ρ »-nulmic add 
IHCNL 
artue charcoal 
IHCHL 
ΗΡΙΕ-^-Η,Ο 
/ 
acid hjdroljsis 
Dowei 50 I H + I 
- H , 0 
- I H HCl 
-н,о 
- c o n e HCOOH 
Dovei SO |H*I 
SM I I C I - H I P L C 
HPLC 
Fig 1 Fractionation scheme applied to the products ofa 1 Λί HCN solution, which was allowed to react 
for at least six months at room temperature 
The HCN oligomers were neutralized to pH 6-7 with formic acid 
and then applied to a charcoal column which was prepared as 
described by Van der Velden and Schwartz (1977) . The column was 
sequentially eluted with the following solvents: H_0, IM HCl, 
Η2θ and concentrated formic acid. The N-heterocyclic oligomers 
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were eluted in the formic acid fraction. Evaporation of this 
fraction under reduced pressure gave (for the iM ammonium cyanide 
solutions) 1.5 to 4.5 g of a brown shiny material, depending on 
oligomerization time. 
In order to selectively concentrate uracil in relation to 
other products and thereby increase the sensitivity of the 
analysis, 12.5 mg of this product were dissolved in R-O and 
applied to a BioRad AG 50W-XB(H+) column (9 χ 1.5 cm, 50-100 mesh) 
(Dowex 50 (H )) which was eluted previously with HO, 5M HCl, 
and again H_0. Uracil and related neutral and acidic pyrimldines 
(Stoics and Schwartz, 1979) are eluted from this cation exchanger 
with H^O (acid and neutral fraction), whilst purines, as well as 
other, basic and amphoteric compounds are bound and can be 
released from the column by elution with 5M HCl. Both the H O 
and the HCl eluates were evaporated under reduced pressure and 
taken up in 0.1M NH . Analysis was performed by anion exclusion 
HPLC, using Aminex A25 and AG columns as described previously 
(Van der Velden and Schwartz, 1977). Before Hydrolysis no uracil 
was detected in either fraction. After hydrolysis in 5M HCl 
(110 С, 18 h) and refractionation on Dowex 50 (H ), however, 
uracil was identified in both H_0 fractions by HPLC (Figure 2). 
Retention times and optical ratios agreed on both columns 
to within 1% with those of an autentic standard of uracil. 
The identification was substantiated by peak collection and 
subsequent field desorption mass spectrometry giving m/e = 112 
(M of uracil). Reagent blanks carried through the entire 
procedure were in all cases negative. 
The total yield of uracil was in the order of 0.001% 
(270 yg/l) for the iM HCN solutions based on starting HCN 
(4 HCN -»- 1 uracil) . Thymine could not be detected. We would have 
been able to detect concentrations of this pyrimidine of 3 yg/1 
or higher. The relative yields of uracil from the acidic + 
neutral and basic + amphoteric fractions (separation before 
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® 
ι 
1 
У 
Fig2 
us 
ι 
0 002 0 D 
1 urteil refnctiointed on 16 
* • 
'1 
л 
L·**^ \ ' ^ ^ - 2 5 l n m 
5 | 10 
URACIL 
20 min 5 ι 10 mm. 
URACIL 
Fig 2. (a) HPLC chromatogram (0 6 χ 25 cm Amraex A25 in 0 09 M Sodium forniate buffer, pH 4 0. 
70oC) of a uracil-containmg fraction isolated as described in the text (b) Refractionation of the uracil peak 
from the A25 column, on Ammex A6 (0 6 χ 25 cm in 0.1 M N H 4 0 H + 0 02 M NH^HCO, buffer at pH 
10 0, ЖС) 
hydrolysis) were 30% and 70%, respectively. Similar results were 
obtained with oligomers prepared from sterilized NaCN + HCl. 
Besides providing a sterile control, these results are of 
particular interest since only ammonium produced -in i-Lta could 
have been involved in the synthesis. Ammonia, in fact, may only 
have been present in specific locals on the Primitive Earth 
(Henderson-Sellers and Schwartz, 1980). Interestingly, the yield 
of uracil from a O.lM ammonium cyanide solution was 0.005% 
which is comparable to that of earlier reported, minor or 
nonbiological pyrimidines such as 5-hydroxyuracil (0.003%) and 
orotic acid (0.009%)(Ferris &t od.,1978). 
-34-
Since orotic acid, but not uracil, has been identified 
previously in hydrolysates of HCN oligomers (Ferris it at., 
1977,1978), we have tested the possibility that orotic acid 
may be partially decarboxylated under the hydrolytic conditions 
to yield the uracil observed from the acidic + neutral fraction. 
In one experiment 6 mg of HCN oligomer were hydrolysed in 5M HCl 
with and without the addition of 10 pg of orotic acid. No 
differences in the yield of uracil were observed, nor did orotic 
acid alone yield detectable uracil under the same hydrolytic 
conditions. Ferris eX. adi. (1977,1978) have identified orotic 
acid after hydrolysis at pH 8.5 or after acid hydrolysis 
followed by heating under reflux in IM NaOH. We carried out, 
therefore, a hydrolysis at pH 8.5 for 18h (the pH was adjusted 
with concentrated NaOH). After fractionation on Dowex 50 (H ), 
uracil was again observed only after acid hydrolysis, and in 
the same relative proportions as before. These results establish 
that orotic acid could not have been the precursor of the uracil 
which we have identified. The data also suggest that at least 
two precursor fractions, giving rise to uracil by acid hydrolysis, 
are present in the product. Characterization of these, as well 
of other precursors to purines (Voet and Schwartz,1981) is 
currently in progress. 
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PREBIOTIC ΑΌΕΝΙΝΕ SVUTHESIS VTA HCN OLTGOMERIZATIM ΊΝ ICE. 
Adenine is produced (after hydrolysis) when O.OlM solutions 
of HCN are adjusted to pH 9.2 with NH OH and are frozen at -20C 
for 60-100 days. The addition of glycolonitrile (the cyanohydrin 
of formaldehyde) increases the yield of adenine under these 
conditions by about five-fold. These results confirm and extend 
an earlier suggestion that purine synthesis on the prebiotic 
Earth might have occurred in frozen, dilute solutions of HCN. 
rWTROPUCTIOW 
Hydrogen cyanide is generally regarded as a probable 
precursor to biologically important molecules on the primitive 
Earth. Oligomerization of HCN produces, after hydrolysis of 
the products, amino acids, purines and pyrimidines (Oró, 1960; 
Огб and Kamat, 1961; Ferris oX a£.,1978,· Voet and Schwartz, 
1981,1982). In addition, other products of the oligomerization, 
such as oxalate and urea, are known to be effective in the 
synthesis of nucleotides from apatite (Schwartz zt aZ. ,1973) . 
Yet it is questionable whether concentrations of HCN in natural 
bodies of water would have been high enough to insure that 
oligomerization, rather than hydrolysis, occurred. An imaginative 
proposal has been made that freezing of dilute solutions of HCN 
in water could have provided favorable conditions for the 
synthesis of biologically important products on the primitive 
Earth (Sanchez it a£.,1966, 1967). However, although the 
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synthesis of the tetramer of HCN , diaminomaleonltrile, has 
been demonstrated, production of other products has never been 
reported under these conditions. We have recently shown that 
formaldehyde, via. its addition product with HCN, glycolonitrile, 
strongly accelerates HCN oligomerization (Schwartz and Goverde, 
1982). We have now reexamined the oligomerization of solutions 
of HCN in frozen mixtures and report here the production of 
adenine both in the absence and presence of glycolonitrile. 
MATERIALS AMP METHODS 
Pure glycolonitrile was prepared as described previously 
(Schwartz and Goverde,19Θ2). One-liter solutions of HCN (O.OlM) 
were prepared in 1-liter polypropylene bottles. When 
glycolonitrile was present, its concentration was 0.01 M. All 
solutions were adjusted to pH 9.2 (the pK. of HCN at 250C) with 
NH OH. One solution was analyzed immediately as a reagent blank 
and the remaining bottles were sealed and placed in a bath at 
-20C, for 60-98 days (freezing was induced within 24 h by briefly 
touching a piece of dry ice to each bottle). For analysis, 500 ml 
of each solution was evaporated to dryness under vacuum. 
Hydrolysis was carried out in 5M HCl (10 ml) at 100OC for 18 h. 
Hydrolysates, or unhydrolyzed residues were made up to IM in HCl 
(about 50 ml) and were applied to columns of activated charcoal 
(1.3x10 cm), which has been purified previously (Van der Velden 
and Schwartz,1977). The charcoal columns were washed with 200 ml 
of water and eluted with 200 ml of HCOOH. The HCOOH was 
evaporated under vacuum, the residue was taken up in 2 ml of 
O.lM NH.OH, filtered and fractionated by HPLC. 
The systems used were: Aminex Ά25 (0.6x25 cm) in 0.03M 
sodium formate, adjusted to pH 4.0 with HCOOH and Aminex A6 
(0.6x25 cm) in O.lM NH OH + 0.02M NH HCO , adjusted to pH 10.0 
with NH OH; both columns operated at 70 c. 
Because the crude reaction product contains a number 
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of peaks eluting in the position expected for adenine, a 
refractionation technique was employed to isolate adenine in a 
preparative manner. The reaction product was injected onto the 
A25 column, the fraction corresponding to adenine was collected, 
reconcentrated and Injected onto the A6 column. The adenine 
fraction was again collected, concentrated and was reinjected 
onto the A25 column. Collection of this third fraction (Fig. 1) 
produced a purified sample of adenine, the identity of which 
was confirmed by mass spectrometry (m/e = 135, 108, 8 1 , 5 4 , 5 3 ) . 
Yields of adenine were calculated from the U.V. absorption 
observed in the final A25 fractionation. 
Ä260 
5 10 15 mm 
Fig. 1. Final fractionation of adenine on Aminex A25. 
For conditions see text. 
RESULTS ANP PISCUSSI0N 
The yields of adenine obtained are summarized in Table 1. 
A yield of 48 ug/l corresponds to 0.02% based on the starting 
HCN. For comparison, yields of 0.03-0.04% have been reported 
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TABLE 1 
VIEHS OF ADE HIM * Τ - ? 4 ' 
Ямсііопcondition· Adenine (|ig/l) 
НСН-»Нз . e c u , 
60 day«, hfdrolyzed ( 8 
И С І - І Н з , 
91diys, hydrolyztd 11 
«СИ-ИНэ· GCH, 
97 days, unhydralyzed 
ИСК« Щ - ecu, 
0 dayt, hydrolyzed Iblank) 
1 0 01 Η HCH, witb or withoul addition ol 0 01 И 
glytolomtnlt tSCI). adjinled to pH 9 I with 
щи 
from initially O.lM solutions after up to 12 months reaction 
at room temperature (Ferris it at. ,1978) . In the absence of 
added glycolonitrile, the yield of adenine was still 11 yg, 
or 0.004%. We think it is significant that adenine can be 
synthesized rapidly by an excursion of as little as 2 С below 
the freezing point of water. Because the concentration of HCN 
in equilibrium with ice increases approximately linearly with 
decreasing,temperature below -2 с (Coates and Hartshorne,1931), 
it is to be expected that the reaction rates will increase as 
the temperature is lowered further. Therefore these results 
probably represent a highly conservative test of the proposed 
mechanism which has been referred to as the "eutectic concen­
tration mechanism" (Miller and Orgel,1974). Because of the ease 
of formation of formaldehyde (Ferris and Chen,1975), even from 
carbon dioxide (Chittenden and Schwartz,1982), it would have 
been a virtually inescapable "contaminant" of HCN solutions 
on the primitive Earth. These results therefore encourage us to 
suggest that the occurrence of suitable environments for the 
synthesis of biologically important molecules from hydrogen 
cyanide would have been much more connnen than has been recog­
nized in the past. 
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The "thermal" pathway, championed by Sidney Fox, would 
not seem to be compatible with the reaction conditions 
described in this article. However, a diversity of environmental 
conditions must have been present on the primitive Earth, just 
as they are present today. While temperatures below the freezing 
point of water favor the reactions such as those described here, 
it is apparent that elevated temperatures are also required by 
the available synthetic models, as for example in the synthesis 
of nucleosides (Fuller it at.,1972) and of nucleotides (Lohrraann 
and Orgel,1971; Schwartz &t a£.,1973), as well as for the thermal 
polymerization of amino acids (Fox and Dose,1977). Glaciers, 
which could transport the products of HCN oligomerization to 
more temperate or even volcanic regions for further reactions 
have been previously suggested in this context (Schwartz,1981). 
g 
Evidence exists for extensive glaciation 2.3x10 years ago and 
there is no compelling reason to think that the average surface 
temperatures were systematically higher on the prebiotic Earth 
than at present (Knauth and Epstein,1976). Geologically "unusual" 
areas such as Iceland would, therefore, seem to be quite 
promising as model locales for chemical evolution. 
REFERENCES 
Chittenden, G.J.F. and A.W. Schwartz, 1982, Prebiotic photo-
synthetic reactions. BioSyàtemi 1£, 14-31. 
Coates, J.E. and N.H. Hartshorne, 1931, Studies on hydrogen 
cyanide. Part III. The freezing points of hydrogen cyanide-
water mixtures. J. Chertl. Soc. 657-665. 
Ferris, J.P. and C.T. Chen, 1975, Chemical evolution: XXVI. 
Photochemistry of methane, nitrogen and water mixtures as a 
model for the atmosphere of the primitive Earth. J. Ател. 
Chm. SOC. 97_, 2962-2967. 
Ferris, J.P., P.C. Joshi, E.H. Edelson and J.G. Lawless, 1978, 
HCN: a plausible source of purines, pyrimidines and amino 
acids on the primitive Earth. J. Mat. Evol. 1J_, 293-311. 
-42-
Fox, S.w. and к. Dose, 1977, MoZzcuZoK EvotwLLon and tkz Otú.g¿n 
0І Lc^e, 2nd edn. (Marcel Dekker Inc. New York). 
Fuller, W.D., R.A. Sanchez and L.E. Orgel, 1972, Solid-state 
synthesis of purine nucleosides. J. Mol. Evot. 1_, 249-257. 
Knauth, L.P. and Ξ. Epstein, 1976, Hydrogen and oxygen isotope 
ratios in nodular and bedded cherts. Gzochtm. Coimochim. koto. 
40, 1095-1108. 
Lohrmann, R. and L.E. Orgel, 1971, Urea-inorganic phosphate 
mixtures as prebiotic phosphorylating agents. Science 171, 
490-494. 
Miller, s.L. and L.E. orgel, Tfie Onlglnb o i LLfie. on the. EaAth 
(Prentice-Hall, New Jersey) 229 pp. 
Ora, J., 1960, Synthesis of adenine from ammonium cyanide. 
іоскелі. Eiophyi. Rei. Comm. 2^ 407-412. 
Orâ, J. and J.S. Kamat, 1961, Amino acid synthesis from hydrogen 
cyanide under possible primitive Earth conditions. UatuAt 190, 
442-443. 
Sanchez, R.A., J.P. Ferris and L.E. Orgel, 1966, Conditions for 
purine synthesis: did prebiotic synthesis occur at low 
temperature? Science 153, 72-73. 
Sanchez, R.A., J.P. Ferris and L.E. Orgel, 1967, Studies in 
prebiotic synthesis II, Synthesis of purine precursors and 
amino acids from aqueous hydrogen cyanide. J. Mot. B¿o£. 30, 
223-252. 
Schwartz, A.W. and M. Goverde, 1982, Acceleration of HCN oligo-
merization by formaldehyde and related compounds: implications 
for prebiotic syntheses. J. Mo£. Evot. 1£, 351-353. 
Schwartz, A.W., 1981, Chemical evolution - The genesis of the 
first organic compounds, in: E.K. Duursma and R. Dawson (eds), 
Mo/lóte Organic ehvMAttuy (Elsevier, Amsterdam) pp. 7-30. 
Schwartz, A.W., M. Van der Veen, T. Bissellng and G.J.F. Chitten-
den, 1973, Prebiotic phosphorylation. II - Nucleotide synthesis 
in the reaction system apatite-cyanogen-water. QLoSyiteirA 5_, 
119-122. 
-43-
Van der Velden, W. and A.W. Schwartz, 1977, Search for purines 
and pyrimldlnes in the Murchison meteorite. Gíoclbün. Coimochun. 
kvta. 41_, 961-968. 
Voet, A.B. and A.W. Schwartz, 1981, HCN oligomerization -
isolation and preliminary characterization of a new precursor 
of adenine, In: Otu.g¿n 0& LL^Z, Wolman, Y. (ed.) (Reidel, 
Dordrecht) pp. 217-223. 
Voet, A.B. and A.W. Schwartz, 1982, Uracil synthesis via HCN 
oligomerization. 0>u.g¿rU, 0$ Ще. 12^ 45-49. 
-44-
CHAPTER V 
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HCN OLIGÖMERIZATION - ISOLATION ANP PRELIMINAR/ 
CHARACTERIZATION OF A NEW PRECURSOR OF ADENINE. 
Fractionation of the H.O-soluble HCN oligomers was performed 
by means of elution from active charcoal, chromatography on 
Sephadex G-15 and ion-exclusion HPLC. In contrast to previously 
published studies, at least eight different fractions were shown 
to possess different spectral properties after Sephadex G-15 
column chromatography and to yield different sets of products 
upon hydrolysis. One of these fractions, which gave adenine and 
hypoxanthine after hydrolysis with 6M HCl, was purified further 
by means of cation exclusion HPLC. In this way, a precursor 
of adenine (and hypoxanthine) has been isolated and is undergoing 
structural characterization. A tentative structure is suggested 
and a new reaction scheme leading to the synthesis of adenine 
from c¿a-diaminomaleonitrile without isomerization is proposed. 
Orö and Kimball (1) demonstrated in 1961 a possible route 
for the synthesis of adenine from HCN, with the trimer amino-
malononitrile as intermediate. This proposal was indirectly 
supported by Ferris and Orgel (2) in 1965 while Sanchez еЛ сЛ.(3) 
and Ferris and Orgel (4) in 1966 extended these earlier studies 
and demonstrated that the most probable precursor was the tetra-
mer diaminomaleonitrile (DAMN). Subsequently several groups have 
identified other products, including pyrimidines, amino acids, 
urea, oxalic acid and several hydantoins (5-10). 
Aqueous HCN solutions of at least O.lM at pfi=9.2 will 
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undergo selfcondensation, to form a black precipitate called 
azulmic acid and a water soluble fraction (11,12). There are 
several ways to fractionate the soluble products. Ferris and 
coworkers (13) have applied ion exchange chromatography on Dowex, 
to separate the oligomeric products into neutral, acidic and 
basic fractions. Hydrolysis of the amphoteric and acidic fractions 
are reported to produce purines and pyrimidines. Another method 
which has been applied is fractionation on a Sephadex column. 
Matthews and Moser (10,14) utilized this method in a search for 
peptides, which they propose may be produced directly from HCN. 
This assumption, however, has been disputed by Ferris and 
coworkers (13,15), who were unable to find evidence for peptide 
linkages. As part of this work it was suggested that Sephadex 
is not efficiet enough to separate the complex mixture of the 
HCN oligomers. We have found, however, that under suitable 
conditions and particulary after a prefractionation on charcoal 
(which separates such compounds as ammonium formate and oxalic 
acid from heterocyclic structures), the products can be separated 
by Sephadex G-15 to yield a number of structurally distinct 
fractions. By further purification by means of HPLC, we were able 
to isolate a new precursor for the purine adenine. 
Most of the previous research in this area has concentrated 
on identification of the products formed from HCN oligomerization 
after hydrolysis. Mechanistic studies have been performed 
largely on model structures or by starting with a presumed 
intermediate of HCN oligomerization (9,19,20). An understanding 
of the mechanisms involved in this oligomerization, however, 
should ideally be based on direct identification of the precur-
sors of biologically important molecules. The present communi-
cation is a preliminary report describing the isolation and some 
properties of a precursor of adenine, isolated directly from the 
HCN oligomerization products. The structure of the precursor also 
suggests a reaction scheme for the formation of purines from 
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HCN which differs in several important respects from previously 
proposed schemes. 
To 27g (40ml) freshly distilled HCN in 900 ml H O , was 
added sufficient cone. NH.OH to adjust the pH to 9.2. The solution 
was made up to iL and allowed to stand at least six months at 
room temperature. After six months the soluble fraction was 
separated from the solid azulmic acid by filtration. Fractio­
nation and purification of the soluble HCN oligomers were 
performed with different analytical techniques. A first purifi­
cation was performed on active charcoal. The HCN oligomers were 
adjusted to pH 7 with formic acid and then applied to a charcoal 
column (the charcoal was prepared as described by van der 
Velden and Schwartz (16)). This column was eluted with H.O, 
IM HCl followed by H O , and finally with concentrated formic 
acid. Evaporation of the formic acid fraction gave 1.5 to 4.5 g 
of a brown, shiny material depending on the oligomerization time 
of the HCN solution. The product was applied to a Sephadex G-15 
column for a second fractionation (fig. 1). The effluents were 
monitored by U.V. transmission at 254 ran. 
1
 ' ' • ' • ' • ' 
2 к Б 1 10 15 20 25 - » Χ 100ml 
Figi 
Fractionation of the charcoal-purified products on 
Sephadex G-15 with H_0 as eluate. 
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The eluate was divided into thirteen fractions which were each 
evaporated to dryness. Each fraction was applied to an Aminex 
A25 and Ά6 HPLC column in the same manner as described in a 
previous paper (16). 
Most of the latter fractions show remarkable differences 
in U.V. absorbing compounds. For example, fraction 6 and 10. 
(fig 2) . 
'25lnm 
25Um 
0 10 20 30 10 50 Hin 
Fig.2 
After hydrolysis of the fractions with 6M HCl for 20h 
о 
at 110 C, they were analyzed by A 25 and A б HPLC. 4,5 dihydroxy-
pyrimidine was one of the compounds detected after hydrolysis 
of fraction 4. Although adenine was detectable after hydrolysis 
in more than one fraction, fraction 13 proved to be of special 
interest since a single precursor peak was observed for adenine 
which, after hydrolysis yielded adenine (and a smaller amount 
of hypoxanthine) in a relatively high yield in relation to 
other products in that fraction (fig 3). Fraction 13 was there-
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fore further purified by HPLC on Aminex 25 to yield the 
adenine precursor, which was characterized by U.V., I.R., 
N.M.R. and mass spectrometry. 
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The U.V. spectrum showed maxima at 222,290 nm in H O , 222,295 nm 
in O.lM NH and 209,282 nm in O.lM HCl. A broad band in the I.R. 
-1 -1 
at 3100 cm combined with a peak at 1672 cm suggested the 
presence of an amide functional group. Proton exchange data 
by means of W-NMR indicated two NH„ groups and one C-Η bond. 
Low resolution mass spectrometry gave m/e values of 178, 161, 
135, 108, 81, 54, 53. The last five values correspond to those 
obtained from adenine. By means of high resolution ms, a mass 
of 178.0596 was determined for the molecular ion, indicating 
a molecular formula of C,H^N O, for which we tentatively 
b o o 
suggest, in connection with the other spectral data, a 
2 or 8 carbamoyl-6-aminopurine (fig 4). (The N-H bond at N, 
is only marginally detectable in such purines). 
7(9) 
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MHj ни, 
Figi 
Although the structure of the precursor C_H-N,0 still must be 
b b b 
confirmed, it is perhaps not premature to suggest the following 
reaction scheme for its formation starting from HCN: Scheme I 
(shown is the formation of adenine V-La 2-carbamoy 1-6-aminopurine. 
The analogous pathway to e-carbamoyl-6-aminopurine is not illu­
strated) . 
SCHEME 1 
H H 
ί-γ-""! H C I I ^ Y * 
I C ^ I I H j ІІ(Г^ІИІ2 
© ® 
_«ν1 (^-Ι(Η1 tK^ICv^D-C^B 
1 
IH IC-γΛΗ цн
 n ' 
» ис^ нч «с Анн HC-^v''^ ^. l^"\u 
Г н
і © © "<χ< © 
HC^IIH 
ин UH > к ни 
«я ж^гнсі »нг 
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The reaction scheme leading from CÍá-diaminomaleonitrile 1_ 
to 5_has already been suggested for non aqueous conditions 
by Shuman &t at. (17). It is important to point out that adenine 
has previously been thought to be formed vZa. AICN or AICAI by 
reaction of the trimer with formamidine (21,22) or by reaction 
of the -ttapió-tetramer with formamidine (9) . However, the pre-
dominant isomer of diaminomaleonitrile formed by non-photocata-
lyzed oligomerization of HCN is known to be CÁi rather than 
tfiCLM (9). Furthermore, formamidine is only formed in concen-
trated ammoniacal solutions (Θ). It has previously been pointed 
out by Ferris and Edelson (18) that ал oxidation step is 
necessary to explain the production of several of the products 
of the oligomerization. Diiminosuccinonitrlle is the precursor 
of urea, one of the major products of the oligomerization and 
is formed by the oxidation of diaminomaleonitrile (19). This 
oxidation can apparently proceed in the absence of oxygen by 
means of internal redox reactions (1Θ). We suggest that the 
condensation of 5^  with diiminosuccinonitrlle provides the most 
likely pathway for the formation of the adenine precursor in 
fraction 13 and also provides a possible route to guanine and 
hypoxanthine by hydrolysis of structure 6_. The mechanism 
suggested by Ferris &t aZ. (8) involving as yet unidentified 
higher molecular weight oligomers formed from ІЛЛПА-diamino­
maleonitrile, may be valid for some of the other fractions which 
we have observed also produce adenine upon hydrolysis. These 
fractions, as well as the further details of the pathway 
suggested in Scheme I and the structures of precursors to other 
purines and pyrimidines are currently under investigation. 
REFERENCES. 
(1) Огб, J. and Kimball, A.P., A/Lch. RÍOChvn. Siophyi. 9£, 
217 (1961) 
(2) Ferris, J.P. and Orgel, L.E., J. Ame*. Own. Soc. B7, 
4976 (1965) 
-52-
(3) Sanchez, R.A., Ferris, J.P. and Orgel, L.E., Science, 153, 
3731 (1966) 
(4) Ferris, J.P. and Orgel, L.E., J. АтеЛ. Cfiem. Soc. §8, 1074 
(1966) 
(5) Oró, J. and Karnat, J.S., UcutuAe. 190, 442 (1961) 
(6) Ferris, J.P., Wos, J.D. and Lobo, A.P., J. Mo-t. ЕУО£. З^ , 
311 (1974) 
(7) Ferris, J.P., Joshi, P.C. and Lawless, J.G., 1&¿oSyt>tm¿>, 9, 
81 (1977) 
(θ) Ferris, J.P., Joshi, P.C., Edelson, E.H. and Lawless, J.G., 
J. Mo£. Evo¿. 11_, 293 (1978) 
(9) Sanchez, R.A., Ferris, J.P. and Orgel, L.E., J. Mo£. BtO-t., 
30, 223 (1967) 
(10) Matthews, C.N. and Moser, R.E., Notóte 215, 1230 (1967) 
(11) Boulay, P.; J. PfavmCLC. Cium. (2) 1£, 180 (1830) 
Ann. Chim. Phy-ilquz (2) 43^ , 282 (1830) 
(12) Völker, т., Апдем. Chm. T2_, 379 (1960) 
(13) Ferris, J.P., Donner, D.B. and Lobo, A.P., J. Mo£. B¿oL. 7£, 
4, 499 (1973) 
(14) Matthews, C.N., Science 203, 1136 (1979) 
(15) Ferris, J.P., Sccence 203, 1135 (1979) 
(16) van der Velden, W. and Schwartz, A.W., GtochJim. CobmodnJim. 
Acta 41_, 961 (1977) 
(17) Shuman, F.R., Shearln, W.E. and Tuli, R.J., J. 0*.g. Cfiem. 
44, 4532 (1979) 
(18) Ferris, J.P. and Edelson, E.H., J. Окд. Chm. 43^ , 3989 
(1978) 
(19) Ferris, J.P. and Ryan, T.J., J. Окд. Cham. 38, 3302 
(1973) 
(20) F e r r i s , J . P . , Donner, D.B. and Lotz, W., J . Ame*. Cfiem. Soc. 
94, 6986 (1972) 
(21) Oró, J . and Kimball, A .P . , A*cA. Hiochesn. Biophyi. 96 ,^ 293 
(1962) 
(22) Oró, J . , NatlVLZ 191, 1193 (1961). 
- 5 3 -

CHAPTER VI 
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SYNTHESIS ÖF APENINE-S-mBÖXAMIflE 
ABSTRACT 
A synthesis of adenine-8-carboxamide (6) is described. 
Traube condensation of 4,5,6-triaminopyrimidine (1_) with 
n-buthyIhydroxyacetate at ISO с gave the alcohol 3^ , which was 
oxidized to the corresponding acid 4_. Compound 6_ was obtained 
ΐλία the acid chloride and subsequent reaction with ammonia. 
When the Traube condensation was conducted at a lower temperature, 
the hydroxymethylformamido derivative 2_was obtained, and has 
been characterized spectroscopically. 
The formation of biologically important compounds in 
aqueous hydrogen cyanide solutions is of considerable interest 
as an example of spontaneous chemical evolution (1-6). These 
solutions (> O.lM, pH=9.2) undergo selfcondensation reactions 
at room temperature to yield, after hydrolysis, a variety of 
products, such as purines, pyrimidines and amino acids (1-5,7-11). 
Adenine is one of the major purines present in such reaction 
mixtures. Little is known however, about the nature of the 
purine precursors or their mechanism of formation, although model 
syntheses yielding adenine from the HCN tetramer, diaminomaleo-
nitrile, have been reported (12-13). We have reported previously 
the isolation of a compound which gave adenine after acid 
hydrolysis (5). This intermediate compound C^H N 0, was charac-
D О О 
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terized spectroscopically. The results indicated the presence 
of two NH„ groups (one primary amino and one amide), one methine 
proton and an amide function attached to a purine ring, sugges­
ting the 2- or 8-adenine carboxamide structure for this compound 
The ease of Loss of ammonia during mass spectrometic fragmentation 
further suggested that the amide function was attached to C-8, 
favouring structure 6. A synthesis of this hitherto unknown 
derivative of adenine was undertaken and is described here. 
NHj 
ω 
NU H O 
N-C-CMH 
© 
NH, 
H 
OVCHJOH 
® 
Condensation of 4,5,6-triaminopyrimidine (1) with 
n-buthylhydroxyacetate gave a mixture of 8-hydroxymethyladenine 
Í3) and the non-cyclized intermediate 2^ The ratio of these 
two products was temperature dependant (table 1). Ring-closure 
of compound 2 to compound 3_ occurred at 230 C. 
temp 
PC] 
70 
Ю0 
130 
160 
180 
200 
comp 2 comp 3 
no reaction 
54 
42 
24 
18 
34 
4 6 
85 
dec 
table 1: reaction of 4,5,6-triaminopyrimidine 1 with n-butyl-
hydroxyacetate at different temperatures. 
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Compared to the work of Girmer-Sorolla and Brown, the yield 
of compound 3^  was improved by the use of the n-buthylester (14) . 
CD 
NH2 
COOH 
® 
Conventional oxidation of 3^with potassium permanganate 
gave adenine-8-carboxylic acid 4_. The oxidation of 3_ and subse­
quent purification of the product 4_ was conducted below 30 С 
to avoid decarboxylation. 
© SOCI, DMF 
NN: 
"ООН-
NHj 
® 
NH2 
The corresponding acid chloride 5^  was obtained by treat­
ment of 4_ with a mixture of frehly distilled thionylchloride 
and dimethylformamide in diethylether. In view of the suspected 
high reactivity of 5^ no attempt was made to isolate the 
product (15). The crude material obtained following removal 
of excess reagent and solvent ¿n vacuo at 30 C, was suspended 
in diethylether, and gaseous ammonia was bubbled slowly though 
the mixture, under conditions such that the temperature did not 
exceed 25 С Evaporation of this mixture 4.П vacuo yielded а 
solid which was added slowly to concentrated aqueous ammonia 
at -10 C. The reaction was kept at room temperature for a 
further 4h and the solvent was then evaporated -in vacuo. 
Compound 6 was isolated from the crude product by successive 
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chromatography on silicagel and Sephadex G-15. 
The i.r, mass- and H-ranr spectra of compound 6_, as well 
its retention times and optical ratio (280nm/254nm) on two HPLC 
systems were identical to those determined for the product 
isolated previously from dilute aqueous hydrogen cyanide 
mixtures (5). 
EXPERIMENTAL 
All ir spectra were determined on a Perkin-Ebner 457 
spectrophotometer as potassium bromide pellets. H-nmr spectra 
were taken on a Bruker WH-90 spectrometer. Uv spectra were 
obtained on a Gary-15 spectrophotometer. Melting points were 
determined with a Fisher Jones apparatus and are uncorrected. 
Mass spectral data were obtained using a Finnigan 3100 quadrupole 
GCMS (solid probe method). The Field Desorption (FD) mass spectra 
were obtained with a Variал MAT 711 double focusing mass spectro­
meter with combined EI/FI/FD ion source. The samples were 
dissolved in CH OH/H_0 and then loaded onto the emitters with 
the dipping technique. An emitter current of 12-16 mA was used 
to desorb the samples. The ion source temperature was generally 
70 c. All solvents were of analytical quality and the starting 
material 4,5,6-triaminopyriiiiidine hydrate sulfate was obtained 
from Aldrich. 
4,5,6-tK¿am¿nopysúm¿d¿nz _l. 
Compound 1, hydrate sulfate (4.82 g, 0.02 moles) was dis-
solved in a hot 2M KOH solution (30 ml) and allowed to cool 
for 16 h. Crystalline 1 was collected by filtration. 2.03 g (81%). 
Lit. ref 16. 
4,6-dùunino 5-kyd^oKymíthy¿ioAjmaniidopiffUm¿cLinz 2. 
Compound 1_. (0.5 g, 4 mmoles) was heated with n-buthyl-
hydroxyacetate (2.11 g, 16 mmoles) in a sealed Pierce vial at 
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100 С for 18 h. After cooling, the residue was filtered and 
washed twice with 10 ml of ethanol at 50 C. Compound 2_ was 
purified by column chromatography on Silicagel (DME:NH,:H-0 = 
8:1:1 ; R =0.26). Yield: 0.39 g (54%). m.ρ: 235-260OC (gradual 
1
 -1 
dec. to compound 3) ; i.r: 3400, 3370, 3285, 3090 cm (NH,, OH), 
- 1 1 1072 cm (C-O) . ; H-nmr: (DMSO - dj , 6=3.9 (s,CH^) , 5.9 (NH., 2 2 
2x) , 7.75 (s,C-H), 8.5 (s,N-H).; mass: m/e= 183(56,M ), 152(100), 
125(40), 124(30), 98(12), 97(23), 71(14), 70(13). ; u.V. : H20, 
258 ran (e=4500), 216 nm (ε=35,β00)» pH=l, 265 nm (ε=9160), 
218 nm (ε=24,200),· pH=12, 258 nm (e=3860) , 216 nm (ε=35,000). 
Anal. Caled, for С^Н.^О«: С, 39.34% ; Η, 4.95% ; Ν, 38.23%. 
found: С, 39.49% ; Н, 4.96% ,- N, 38.39%. 
і-(іу<ілохутеЛІіуІсиІ&ги.пг з .^ 
Compound 1_ (1 g, 8 mmoles) and n-butylhydroxyacetate 
(4.22 g, 32 mmoles) was heated in the same manner as described 
for compound 2_ but conducted at 180 C. After cooling, the residue 
was filtered and washed twice with ethanol and water at 50 C. 
The residue was dried in vacuo. 
yield: 1.12 g (85%) of a brown material. R =0.34 (DME:H 0:NH = 
8:1:1). m.p: > 300OC (dec). ; i.r: 3350, 3325, 3177 cm"1(0H,NH2), 
1655, 1605, 1590 cm"1 (purine ring), 1305 cm"1 (OH), 1021 cm"1 
(C-O). H-nmr (DMSO-d,.) : δ=4.6 (s,CH0), 5.7 (broad,NH) , 7.1 
(NH,), 8.1 (s,C-H), 12.7 (broad,OH). mass : m/e= 165(100,M ), 
148(17), 147(34), 136(47), 121(22), 120(20), 119(23), 81(18), 
67(25), 66(18), 55(23), 54(38), 53(36). (int > 15%). 
U.V.: Η,Ο, 263 nm (ε=9075), 210 nm (ε=16,100) ; IM KaOH, 271 nm 
(ε=8900) ; IM HCl, 266 nm (ε=9500). 
.Η,Ν
Γ
0 : С, 43.644 
J 7 5 
found : С, 43.4 % ; Η, 4.2 % ; Ν, 42.0 %. 
Anal. Caled, for C
c
H_N_ 64% ,- Η, 4.27% ; Ν, 42.41%. 
Lit. réf. 14. 
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Ме.п£пе.-8-салЬоху£іе. add £. 
Compound 3_ (400 mg, 2.42 amóles) was suspended in acetone 
(12 ml) and 2W H_SO. (4.15 ml). To this solution 1.19 g KMnO. 2 4 4 
in 30 ml H-O was added dropwise. After the addition was completed, 
the solution was allowed to stand at room temperature for a 
further 19 h. The excess KMnO. was destroyed by addition of 2M 
NH OH (34 ml). After 1 h the precipitated MnO was removed by 
filtration and the filtrate was acidified to pH 5 with concen-
trated HCl. The resulting precipitate was collected, dissolved 
in IM NH OH and again acidified with acetic acid, to yield £ 
as a light yellow solid. Compound 4_ was washed successively with 
ethanol and diethylether and dried ¿n VCLCUO. Yield : 221 mg 
(46%) compound £.H О. I.r:3360 cm" (NH ), 3200-2500 cm" 
- 1 1 (COOH), 1715 cm (C=0). H-nmr (DMSO-d,) : 8= 8.1 (s,C-H), 
6
 + 
7.0 (s,NH2). Mass (int. > 10%) : m/e= 178(M -1,17), 135(100), 
108(39), 81(29), 54(36), 53(33), 44(66). Field Desorption MS : 
m/e= 179(M+,50), 136(45), 135(100). Lit. ref. 14. 
Ade.i/U.ne.-6-canboxytic OLCAA chtotUde. 5. 
Compound 4_ (120 mg, 0.6 inmoles) was suspended in 10 ml 
diethylether and 10 ml freshly distilled SOCI containing 1 ml 
of DMF was then added. After 18 h the solution was evaporated 
<Ln vacuo at 30 C. The crude material obtained was used without 
purification because of the suspected high reactivity of com­
pound 5 (15) . 
Adenine-S-aviboxamLdz 6_. 
Crude compound 5 was suspended in 20 ml diethylether. 
Gaseous ammonia was bubbled slowly through the mixture for 1.5 h 
(temp. < 250C). Evaporation of the ether In vacuo yielded а 
solid which was added in small portions to 50 ml concentrated 
aqueous ammonia at -10oC. The reaction mixture was kept at room 
temperature for a further 4 Ji. The clear solution was evaporated 
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¿η VCLOlOf dissolved in 2M NH OH containing 3 g of Silicagel and 
re-evaporated. The dry crude material was then applied to a Sili­
ca gel column and was eluted with n-propanol:water¡ammonia = 
7:2:1 {TLC:R compound 6^  = 0.54) to obtain compound 6^. A second 
purification of 6_ was carried out by column chromatography on 
Sephadex G-15 (eluens : O.lM NH OH). Yield : based on starting 
carboxylic acid 4, 47 mg(39%). mp: > 320OC (dec). I.r: 3300, 
3120 cm" (NH ), 1650, 1585 cm" (C=0, purine ring), 1300 cm" 
- 1 1 (H.O) and 975 cm . H-nmr (DMSO-d.) : 6= 8.7 (s,NH_), 8.5 (s, 2 6 2 
C-H), 8.1 (s,NH2). Mass : m/e (int.> 15%) = 178(100,M ), 161(38), 
135(20), 108(25), 81(31), 80(16), 54(33), 53(28). U.V.: HO, 
290 nm (e=ll,900), 222 nm (e=20,100) ; O.lM HCl, 282 nm (ε=15,000), 
209 nm (ε=18,500) ; O.lM NH , 296 nm (e=12,500)( 222 nm (e=17,600). 
Field Desorption MS : m/e = 179(20), 178(100,M+). 
Anal. Caled, for C^H^O.H.O : C, 36.74% ; H, 4.11% ; N, 42.84%. 
b o b ¿ 
found : C, 36.67% ; H, 3.72% ; N, 42.44%. 
kcknouiizdg emen-t 
The author thanks Prof.N.Nibbering and R.Fokkens for the 
determination of the Field Desorption mass spectra. 
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PREBI0TIC APENIWE SYNTHESIS FROM ИСИ - EVIDENCE 
FOR A NEWLY VISCCVEKEV РАТИША 
ABSTRACT 
Three new imidazole derivatives have been isolated and 
characterized from oligomerizing HCN solutions. On the basis of 
these results as well as the earlier identification of a new 
precursor to adenine, a new and major pathway leading to the 
formation of adenine is suggested. The route accounts for the 
synthesis of adenine-8-carboxamide from the CXâ-diaminomaleo-
nitrile, without requiring an isomerization to the .¿Лап*-confi­
guration or reactions with formamidine. The formation of previous­
ly reported imidazoles is also explained. 
I PRODUCTION 
The formation of biologically important molecules 4Л the 
oligomerization of HCN is well established. Orö (Π and Orö and 
Kimball (Z) isolated and identified the purine adenine from 
aqueous ammonium cyanide solutions (1-15 M ) . This first result 
has been supported and explored further (3,4). Subsequently, 
several different classes of compounds have been reported includ-
ing purines, pyrimidines and imidazoles as well as amino acids, 
urea, oxalic acid and guanidine (5-7 7). in this context, the 
oligomerization of HCN is considered to have been a major process 
in chemical evolution on the primitive Earth. 
However, the pathways for the formation of these compounds 
in the HCN oligomerization are notjinderstood entirely. Suggested 
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mechanisms for the formation of adenine are summerized in 
figure 1 (.3,11,12) . 
ан 
II 
HC—ин, 
tonnamidine 
1 ( 5 ] « m m imdizole SUlurboumKltne 
«IMI I NH H Ï - H K , 
HC-. Ж 
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η 
и-с-и«, 
" и 
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HU 
H-C-NH, 
Η.» 
I" 
χ NC' NN, 
H i ] »"*» пиіілоіе Sit] сагЬопИпЪ 
ItICN) 
Fig. 1: Summary of earlier proposed pathways for the formation 
of adenine in aqueous ammonium cyanide solutions. 
The pathway from the trimer, aminomalononitrile I, is now con­
sidered to be unlikely in comparison to reactions involving the 
tetramer diaminomaleonitrile II (12). High steady-state concen­
trations of formamidine are also thought not be plausible except 
in solutions with a high concentration of ammonia. The route to 
adenine v-La. II is dependent on a photochemical isomerization and 
ring-closure reaction and further conversion to adenine has been 
modelled by means of reaction with formamidine. 
We have reported previously the isolation and preliminary 
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characterization of a new precursor of adenine in the HCN 
oligomerization prior to hydrolysis. This compound - adenine-8-
carboxamide (VI), Figure 5 - was identified spectroscopically 
and by synthesis IS,13). The isolation of this precursor 
suggested a new pathway to adenine which was proposed tentatively 
(S). We have now isolated and identified several new compounds 
which support this mechanism, which we propose as a major route 
to purines in chemical evolution. 
EXPERTMEMTAL 
C-nmr spectra were determined on a Bruker Model WM-250 
(62.69 MHz) with DMSO as solvent and as internal standard. 
H-nmr spectra were recorded in DMSO on either a Bruker Model 
WH-90, WM-250 or WM-400 (TMS as internal standard). Mass spectral 
data were obtained either with a Varian MAT 711 double focusing 
mass spectrometer with combined EI/FI/FD ion source or a 
Finnigan 3100 quadrupole GCMS (solid probe method). I.r. spectra 
were determined on a Perkin-Elmer 457 spectrophotometer as 
potassium bromide micro-pellets. U.v. spectra were obtained on 
a Cary-15 spectrophotometer. HPLC was performed on Aminex A25 
resins as described previously 04). Sephadex G-15 (40-120 μ) 
was purchased from Pharmacia fine chemicals, and was used in 
column chromatogrphy for fractionation of HCN oligomers (90 χ 
1.6 cm) as well for desalting purposes (30 χ 1.4 cm). In both 
cases H O was used as eluting solvent and the collected fractions 
were monitored continuously at 254 nm (LKB fraction collector 
connected to a Uvicord optical unit). 
Gznznai. pAocedote ion. the. pfizpoAation οξ a HCN AoZwtion. 
HCN was freshly prepared by adding a saturated solution 
of NaCN to 75% aqueous Η SO. at 70OC with continuously distil­
lation of the formed HCN. For a iM solution, 40 ml of HCN was 
added to 900 ml of H.O. The solution was then adjusted to pH 9.2 
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with NH.OH and made up to iL with H_0. Solutions were allowed 4 2 
to stand at least 7 months at room temperature. 
4[s]-amino-S[4]-(uVLboxaMidz-2-ci.fa.no--cmldazotz (in) 
Ammonium cyanide (iM 350 ml, reaction conditions: θ months, 
RT and pH=9.2) was passed through a milllpore filter (0.45 μ) 
to separate insoluble azulmic acid. The filtrate was evaporated 
to dryness <Ln vacuo below 30oC and the residue was extracted 
with ethyl acetate (3 χ 100ml). The residue was dissolved in 
O.lM HCl (20 ml) and the solution was extracted with EtOAc (3 χ 
100 ml). The combined, dried (Na_SO.) extracts were concentrated 
-СИ vacuo. An aqueous solution of the residue was then applied 
to an Aminex A25 HPLC column for fractionation. A peak with a 
retention time of 38.6 min. was collected, desalted on Sephadex 
G-15 and evaporated ¿n vacuo to yield 10-15 mg of product (0.09-
0.14%). mass: m/e: 151 (M+) , 134(100), 106, Θ1, 55, 54 -aid 53. 
I.r: 3300, 1665 cm-1(amide), 2215 cm"1(C=N). U.v: 295, 240 nm 
(IM HCl) ; 296, 238 nm (IM NaOH) ; 298, 242 nm 0^0) . 
H-nmr: (DMSO) ; δ = 8.73 and 8.42 ppm (see results) ; 6.87 ppm 
(amino NH ). C-nmr: (DMSO) : 90.57, 116.27 and 149.90 ppm 
(C=C and C=N), 135.22 ppm (C-2) and 159.10 ppm (C-amide). 
4[5]-am¿nofaiclazo¿<i-2,5[4]-<ІісалЬох.атЫг (г ) 
The residual O.lM HCl solution from the above extraction 
procedure was evaporated to dryness .01 vacuo and redissolved 
in H2O (7 ml) and then applied to a Sephadex G-15 column. 
Thirteen fractions were collected (fig. 2). 
Fractions 7,8 and 9 were rechromatographed on em Aminex 
A25 exclusion column ; compound IV, as the major peak in these 
fractions, was collected (A25 : 13.50 min.) and was desalted by 
chromatography on Sephadex G-15. Mass: m/e: 169(M+), 152(100), 
136, 124, 109, 107, 81, 55 and 54. I.r: 3320 and 1670 cm"1 
(amide), 1590 cm-1. U.v: 306, 251 nm (O.lM HCl), 312, 253 nm 
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Fig. 2: Sephadex G-15 fractionation of the residual O.lM 
solution (see text). 
(O.lM NH3) and 305, 253 nm (HO). н-nmr: S = θ.75 and 8.17 ppm 
(both asymmetric peaks) ; δ = 6.97 ppm (amino NH_). 
4[5]-N-(am¿nomz¿hyLÍd&n&)am¿no¿m¿dazo¿e.-2,5l4i-diauibox/midi (ν) 
The isolation of compound V was performed in the same way 
as described for compound IV, but with fractions 9 and 10 of 
the initial Sephadex G-15 separation (A25: 24.50 min.). Mass : 
m/e : 196(M+,100), 179, 153, 151, 134, 124, 108, 81, 55 and 54. 
I.r: 3400 and 1650 cm" amide, 1600 cm" . U.v: 307 nm (O.lM HCl); 
310 nm (O.lM NH3) and 302 nm (HjO). 
RESULTS 
The identification of compound III was based on the com­
bined interpretation of the spectra (mass, nuclear magnetic 
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resonance and infrared spectra). Table 1 presents the molecular 
formulas for the molecular-Ion peak and two successive fragment 
peaks as determined by high-resolution mass spectrometry. 
Table 1. High-resolution Mass spectrometry d compound Ж 
Mass 
М
+ 1 5 Ш 9 4 
13Ш39 
106.02B2 
С 
5 
5 
С 
H 
5 
2 
2 
Ν 
5 
и 
и 
0 
1 
1 
0 
М
+
-17 [ - N U 
[-С = 0 ] 
Infrared spectra supported the structure proposed and 
showed a broad absorption peak at 3300 cm and a sharp band 
at 1665 cm which indicated an amide functional group. Another 
very important peak present was at 2215 cm" which suggested 
a nitrile group attached to a conjugated system. The H-ranr 
spectrum showed three main signals in the ratio of 1:1:2. 
No methine proton was present in the molecule, because of the 
facile proton exchange with D.O indicating only NH or OH 
functions. When the spectrum was recorded at elevated temperatures 
(ВО C ) , two of the three signals moved to lower field and showed 
overlapping, which is a strong indication of two protons belong­
ing to the same functional group (fig. 3) . 
Correlation of the C-nmr spectrum of isolated compound 
III with those of 4[5]-aminoimidazole-5[4]carbonitrile (AICN) 
and 4[5]-aminoimidazole-5[4]-carboxamide (AICA) gave more 
information (fig. 4). The chemical shifts in AICA were 129.8 ppm 
for the C-2 and 146.0 and 108.26 ppm respectively for the C=C. 
The amide absorption occurred at 165.3 ppm (Sadler 1 3C-nmr, 
nr. 1631c, AICA.HCl; for the free AICA the amide absorption was 
at 161.3 ppm). AICN showed almost the same absorption pattern, 
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Fig.3: H-nmr spectra of compound III at different temperatures. 
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but without the signals at 165.3 ppm and with new signals at 111 
and 80.θ ppm for the nitrile function and the ring carbon atom 
attached to the nitrile. The spectrum of compound III closely 
resembled the combined spectra of AICA and AICN. All imidazole-
ring absorption peaks were present as well as an amide function 
and a nitrile. The substitution of the C-2 position of the 
imidazole ring can be seen by the decrease in intensity of the 
absorption at 132 ppm compared to the corresponding peaks in 
AICN and AICA (NOE effect). 
The spectral data suggested a structural formula for the 
isolated compound III of 4[5]-amino-5[4]-carboxamide-2-cyano-
imidazole. 
0 
I  
Д> ж 
H 
The nitrile function at the 4 or 5 position could be ex­
cluded by mass fragmentation data. No M -HCN fragment was 
produced as in the fragmentation of AICN. Another explanation of 
the positions of the functional groups in compound III, is the 
easy fragmentation of NH by a proton donation of the amino to 
the amide function in a six-membered ring rearrangement (Mc Laf-
ferty rearrangement). 
The mass spectrometry of compound IV showed a m/e value 
of 169 as molecular-ion peak, which was established as С H N O . 
by high resolution. The base peak (100%) was m/e 152. The ^ H-nmr 
spectrum of the isolated compound IV resembled the spectrum of 
III. Once again two signals were present at room temperature 
at 8.75 and 8.17 ppm (NH amide functional group(s)) and there 
was also a signal at 6.97 ppm from the amino group, but in the 
ratio 1:1:1. In the i.r. spectrum bands at 3220 and 1670 cm 
suggested amino and amido functions whereas the band associated 
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with a conjugated nitrile was absent. These combined spectral 
data, together with the knowledge that the molecule is a hydro­
lysis product of compound III, supported the structure IV V-tZ 
4[5]-aminoimidazole-2,5[4]-dicarboxamide. 
Η,Η' 
The third product from the HCN oligomerization was iden­
tified only on the basis of similarity to the compound III and 
IV and by mass spectral fragmentation (scheme 1). 
Ii«-[=l 
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The Г.r. spectrum showed the same kind of absorption bands as for 
compound IV, 3400 and 1650 cm for an amide function and 1600 
cm for the imidazole ring. High-resolution mass spectrometry 
gave for the molecular ion peak (m/e = 196(100)) a formula of 
C^H N О . These data suggest the probable structure of 
ο α о 2. 
4[5]-Ν-(aminomethylidene)aminoimidazole-2,5[4]-dicarboxamide (V). 
О 
II 
M—t 
Η,Ν 1
 И 
PISCÍiSSION 
Prior to the present work, little was known concerning the 
intermediate compounds formed in the HCN oligomerization beyond 
the stage of the tetramer. Some attempts at structural analysis 
have been undertaken (75) . However, in the very complex mixture 
of products formed by the HCN oligomerization it is very dif-
ficult - perhaps impossible - to indicate the total range of 
functional groups present. We previously reported the isolation 
of the first direct precursor of adenine in HCN-oligomerization 
mixtures - later confirmed to be adenine-8-carboxamlde (VI) (S,13)-
and proposed a mechanism of formation. With the isolation and 
identification of three new imidazole derivatives we now can 
refine and extend the proposed mechanism for the formation of 
adenine (figure 5). 
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Fig. 5: Suggested pathways for the formation of adenine and 
other identified products of HCN oligomerization. 
An important step in this mechanism is the reaction of the 
HCN tetramer DAMN (II) with a cyanoimino derivative (VII) leading 
to the formation of compound VIII. Diiminosuccinonitrile (DISN, 
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compound Χ), an oxidation product of DAMN which can be formed in 
the presence or absence of oxygen (J6,17), could account for 
compound VII: 
π* Y ——-ш*к— t=m 
IDISN ffîH-dimr 
However, attempts to support this reaction were unsuccessful. No 
higher yields of compound VI were obtained after DISN was added 
prior to the oligomerization. A second possibility is the reaction 
of two molecules of DAMN, one of which is in the tautomeric, 
cyanoimino form. The elimination product, which would be syn-
thesized together with compound VIII, is aminoacetonitrile, 
a precursor of glycine: 
π • Τ -Ж • ю-с-ни, 
Ibutomrol E l 
Other reactions involving DAMN or higher oligomers, or rear­
rangements of these, are also plausible. 
It is important to note that the production of adenine, 
as well as the imidazoles which have been reported previously (II), 
can be accounted for without recourse to an isomerization of C/Ci-
DAMN (the major product) to the ttiani configuration. Thus AICN 
and AICA could be synthesized as shown (Scheme 2). The reaction 
from the tetramer II to compound XI has been suggested previous­
ly for non-aqueous solutions (IS). 
-7Θ-
π 
Ut NB, 
-i· 
и Η / ® 
ИИ ' 
"У> -" :χ> 
AICN 
І І С ^ - Н - С = И Н 
i" 
η 
- 1х> 
АІС» 
An analogous reaction of DAMN (II) with diiminosuccinonitrile (X) 
provides an alternative route to compound IX. 
Adenine is liberated vZa. decarboxamidation (acid hydrolysis) 
of compound VI (S). Earlier analyses for adenine after acid 
hydrolysis of the products of HCN oligomerization (O.lM solutions 
at pH 9.2) have utilized 6M HCl at 110οο for 24 h (6). The yields 
reported were 0.03 to 0.04%. We have found that these conditions 
produce extensive destruction of adenine and that maximal yields 
are obtained after 1.5 h. Our analyses gave average yields for 
adenine of 0.1% based on starting HCN. Hydrolysis experiments 
have shown that compound VI is qualitatively converted to adenine 
under these conditions and accounts for 42% of the total yield 
of adenine produced. Compound VI therefore represents a major 
intermediate in the route to adenine and is, in fact, the only 
direct precursor of this purine yet to be identified in dilute, 
oligomerizing solutions of HCN. 
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APPENDIX I 
MICROSPHERES IN HYÜROGEN CYANIDE SOLUTIONS 
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MICROSPHERES IN НШОвЕН СШ/ІРЕ SOLUTIOHS 
Studies on the subject of "the origins of life" have been 
performed in diverse directions. Most experiments, however, are 
contributions to the study of the first stage of chemical evo­
lution; the genesis of important molecules from a primitive 
atmosphere - for example hydrogen cyanide and formaldehyde. The 
second step in chemical evolution is the synthesis of structural 
units such as amino acids, purines, pyrimidines and carbohydrates. 
The synthesis and interaction of these biomolecules to more 
condensed systems could then produce precursors to the first forms 
of life. 
This last stage, before the biological evolution , has been 
investigated, for example, V-ca the synthesis of protein-like 
material. Fox and Harada (1960) demonstrated that under certain 
conditions amino acids can combine to form large molecules which 
can organize themselves into chain-like structures. These so-
called protenoid microspheres were 0.5-2 pm in diameter. Reactions 
to combine amino acids in a modified primitive sea medium (based 
on the Oparin-Haldane hypothesis) were performed by Yanagawa 
and Egami (1980). To accelerate the reactions involved, higher 
concentrations of transition elements were used (proposed catalysts 
in the reaction) as well as elevated temperatures, which also 
prevented any microbial contamination. After a reaction time of 
eight weeks, the precipitate so formed was purified and studied 
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by electron microscopy. The results resembled the protenoid 
microspheres reported by Fox and Harada (1960), although another 
another name, "marigranules", was given. Labadie zt a¿.(1967a,b) 
о 
observed that ammonium cyanide solutions, when heated at 90 С 
for 4 hours, will yield azulmic acid and a red-brown water-
soluble solution. After filtration of the hot-solution and sub­
sequently cooling, a precipitate was formed. This was shown, 
after acid hydrolysis, to yield glycine and urea as the major 
products as well as guanidine, N-guanylglycine and several other 
cimino acids. Electron microscopy of the precipitate before 
hydrolysis showed resemblance to the protenoid microspheres and 
marigranules formed by the reaction of amino acids. In all the 
experiments described above elevated temperatures were used in 
the formation of the "spheres". 
The formation of the microspheres in solutions of NaCN/HCl 
and HCN/NH OH (pH 9.2) which were allowed to react at room 
temperature for at least eight months has therefore been inves­
tigated. The formed precipitate was separated by filtration on 
a Millipore filter (0.45 μ) and was washed (4x) with distilled 
water. The crude solid (including azulmic acid) was analyzed by 
scanning electron microscopy without further purification. 
Scanning electron photo-micrograph of the precipitate of a iM NH CN 
solution formed at room temperature (see for conditions next page). 
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All observations were made with a Jeol J.S.M-U, Scanning 
Electron Microscope operated at 15 k"V. The material was attached 
to a brass mount and coated with a thin layer of gold. 
The microspheres obtained from these solutions resembled the 
spherules reported earlier by Labadie zt a£.(1967b). The same 
type of experiments with NaCN/HCl solutions gave similar results, 
although electron microscopy suggested that fewer microspheres 
had been formed in these solutions. An interesting observation 
was the property of clustering of the formed microspheres. To 
exclude possible fungal or bacterial contamination (misinter-
pretation of the microspheres), cross section electron micros-
copy was performed which showed no internal structure (fig.2): 
Fig. 2. Cross section electron microscopy of a HCN-microsphere. 
(The specimen was prefixed in Cacodylate buffer/glutaraldehyde 
(2%) and subsequently postfixed in buffered osmium tetroxide. 
After dehydration in an increasing series of ethanol-water 
mixtures, inbedding followed in Epon 812. Ultra-thin sections 
were cut with a diamond knife on a Reichert OmU ultramicrotome, 
picked up on Formvar-coated copper grids, contrasted with uranyl 
acetate and lead citrate, and examined using a Philips EM 300 
electron microscope). 
Elemental analysis was also performed by qualitative electron 
-86-
probe x-ray microanalysis in a Philips EM 400G electron microscope 
with an EDAX 707B multichannel analyzer attached to an EDAX Si(Li) 
detector, (acceleration voltage 120 kV; minimum beam diameter 
20nm; sample tilt: 45 ). No signal was observed for phosphorus 
or sulphur. 
The self-organizing properties of amino acids and the 
reported "protobiological" behavior of the protenoid microspheres 
(Fox and Nakashima,19e0), combined with the experiments of 
Labadie eX cJL. (1967a,b) and the observation described above, 
suggests that hydrogen cyanide may not only have been a key 
intermediate in the synthesis of biologically important molecules, 
but also a direct precursor to the origin of the first protocells. 
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FRACTIONATION OF HCH OLIGOMERS 
The first step in the fractionation of the products formed 
by the oligomerization of hydrogen cyanide was the separation of 
azulmic acid by filtration through a Millipore filter (0.45 μ). 
Further purification of the HCN oligomers was performed on 
Sephadex G-15, with or without prior purification on active 
charcoal. In chapter V, the HCN solution studied was allowed 
to react for 15 months before fractionation. The solution con­
tained many complex compounds which eluted directly after the 
void volume. The diagrams in this appendix (figures 1 and 2) were 
obtained by fractionation of reaction products of 6 months and 
of 10 and 2 weeks of age, respectively. 
In an experiment similar to that described in chapter V, 
but without charcoal purification (to avoid any possible hydro-
lytic reaction with formic acid), it was possible to detect and 
identify guanine in two HPLC systems, in a yield of 0.002% after 
acid hydrolysis of fraction A (fig. 1). Attempts to isolate 
precursor compounds for this purine were unsuccessful. In the 
fractions containing guanine, xanthine - a hydrolytic product 
of guanine - was also tentatively identified. Hypoxanthine - a 
hydrolytic product of adenine - was always encountered in the 
fractions containing the adenine precursor, adenine-8-carboxamide, 
in about 20% yield relative to that of adenine upon acid hydro­
lysis for 20 hours. When the reaction time for hydrolysis was 
decreased to 1.5 hours, only 5% relative yield of hypoxanthine 
-90-
·/ τ .» t i c . 
0 
20 
10 
SO 
BO 
rv 
-
A 
\ 
\ -/ » — Π 
-J 
f l j l 
^ /\. 
! A 
Adenine - β- Carboiamide 
^J~^ 
500 700 900 1000 1U0 ml H20 
Fig. 1: Fractionation on Sephadex G-15 (41 χ 3.2 cm) of 255 mg 
freeze-dried oligomeric material from a iM NH.CN solution which 
was allowed to react for 6 months at room temperature. 
was obtained (see chapter VII). Because of the very low yield 
of guanine) and difficulties encountered in its analysis in 
solutions which had received different treatment, the reprodu-
cable synthesis of this purine remains doubtful. 
To obtain more information on the first weeks of the 
oligomerization, 50 ml samples were teuten every two weeks from 
a iM NH.CN solution and were fractionated, after filtration and 
evaporation ¿n vacuo, on Sephadex G-15 (fig. 2). The fractio-
nation on Sephadex G-15 is shown after two and ten weeks reaction 
time. Fractionation patterns of intermediate appearance were 
obtained for 4, 6 and 8 weeks. The fractions were analyzed by 
HPLC as described in chapter V. In the first stage of the oligo-
merization, diaminomaleonitrile (DAMN) was the major product, 
as expected. Measurements of the yield were not meaningful 
since the yield begins to decrease after only four days (Sanchez 
&t al.,1967). 
The major pyrimidine synthesized υ-ûl HCN oligomerization 
(after acid hydrolysis) is 4,5-dihydroxypyri-midine (Ferris eX. at., 
1977,1978). Although analytical problems were encountered with 
the HPLC systems used routinely for the fractionation, indications 
were obtained that 4,5-dihydroxypyrimidine had been synthesized 
-91-
«g 2 
7.Т2Ыш 
I 
100 200 » 0 «00 500 НО 700 tOO 900 1000 1100 1200 2800 ni M 
Fig. 2: Fractionation on Sephadex G-15 (90 χ 1.8 cm) of 50 ml samples of a IM NH CN solution 
which was allowed to react for 2 and 10 weeks respectively. The compounds in italics have 
been identified after acid hydrolysis (1Θ h, 3M HCl). 
in more than one fraction after acid hydrolysis (fig. 2). 
Possibly 4,5-dihydroxypyrimidine might be produced by fragmen­
tation of some higher oligomers. Alternatively, several precursor 
compounds may be involved which give the same product upon 
hydrolysis; e.g. compounds which already have hydroxy groups 
and precursors with amino functions (similar observations were 
made in the formation of adenine and hypoxanthine). 
4[5]-aminoimidazole-5[4]-carbonitrile (AICN) is a proposed 
intermediate in several pathways in the formation of adenine 
(see chapter I). This imidazole was identified on both HPLC 
systems by retention time and optical ratio. Its formation was 
found to be asymtotic (fig. 3) with a maximum yield of 0.0025% 
based on starting HCN. 
1 ! 3 к 5 Б 7 I 9 10 SO \ 
Fig. 3: Yields of 4[5]-aminoimidazole-5[4]-carbonitrile in solu­
tions of iM NH.CN (pH 9.2) at room temperature. 
A similarly shaped curve was obtained for 4[5]-amino-5[4]-carbox-
amide-2-cyanoimidazole (chapter VII), although the yield was 
18 times higher than that of AICN (fig. 4). 
The observation by HPLC of the synthesis of an unidentified 
product in what appears to be a high yield* (see fig. 2) during 
the first stage of the oligomerizatiön reactions, is also of 
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Fig. 4: Yields of 4[5]-amino-5[4]-carboxamide-2-cyanoimidazole 
in solutions of IM NH.CN (pH 9.2) at room temperature. 
interest. The product was isolated from the A25 HPLC column and 
the u.v. spectrum was recorded without further purification (pH = 
4.0) and showed λ = 320 nm. H-nmr (DMSO-d^) gave a single 
max 6 ^ 
peak at Θ.5 ppm. The compound was found to react readily with 
ammonia, as shown by complete alteration of the elution pattern 
on HPLC. The same product was also identified (HPLC retention 
times) in the ether extract of a continuous ether extraction 
of a freshly prepared NaCN/HCl solution. The spectral properties 
of the isolated product were similar to that of N-(aminomethyli-
dene)diaminomaleonitrile, synthesized by Shuman eX ai.(1979), 
although the unknown product did not yield AICN following 
treatment with ammonia as in the case of N-(aminomethylidene)-
diaminomaleonitrile. It is possible that the unknown product 
could be the corresponding C-nitrile analogue N-(amino,cyano-
methylidene)diaminomaleonitrile, a tautomer of compound VIII 
(fig. 5, chapter VII, p. 77). 
: Judging by the absorption at 254 nm in comparison with that 
of AICN, and assuming a similar extinction coefficient at this 
wavelength, a total yield of 76 mg/L was estimated after two weeks 
reaction time. Longer periods decreased the yield, as in the 
formation of DAMN. 
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SUMMARY kW CONCLUSIONS 
The alms of the studies undertaken were firstly: the 
isolation and characterization of biomolecules produced through 
the oligomerization of HCN, and secondly: the elucidation of 
the mechanisms involved. 
The yields of the produced molecules are generally low 
and therefore great caution must be exercised in their isolation 
and identification. In 1974 the isolation of 5,5-dimethylhydan-
toin - a molecule containing an isopropyl function („CÍ. 3 ) -
3 
was reported after acid hydrolysis. The formation of this com-
pound seems very unlikely in aqueous solutions in which NH CN 
is the only starting compound. We have therefore reinvestigated 
the synthesis of 5,5-dimethylhydantoin and found that its 
formation is probably caused by contamination of the starting 
solutions with acetone (chapter II). 
Another important class of biomolecules, the pyrimidines, 
are also present in hydrolysates of HCN solutions ; 4,5-dihydroxy-
pyrimidine (as major pyrimidine), orotic acid and 5-hydroxyuracil. 
However, no pyrimidine of the genetic code has hitherto been 
identified. A specific analytical method for the isolation of 
uracil was undertaken which identified this biologically impor-
tant pyrimidine in hydrogen cyanide solutions in a yield of 
0.001% (chapter III). 
A very important contribution to origin of life studies 
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was the isolation and identification of adenine, a purine 
common to DNA and RNA, in hydrogen cyanide solutions after 
hydrolysis. The synthesis of all these biomolecules can only take 
place, however, at concentrations exceeding 0.0IM HCN. In very 
dilute solutions the main reaction involved is the hydrolysis 
of hydrogen cyanide to formamide and formic acid. Therefore the 
synthesis of adenine in eutectic solutions of HCN at -2 С has 
been investigated with and without the addition of glycolonitrile. 
Adenine was identified in both cases; in the solutions containing 
glycolonitrile, 4-5 times more adenine was present than in 
solutions without glycolonitrile (chapter IV). 
The isolation of oligomeric molecules prior to hydrolysis 
in order to elucidate the mechanism of the HCN oligomerization 
has not been explored in great detail, due to difficulties in 
fractionation of the very complex mixtures obtained. Therefore 
a method was developed for the fractionation of hydrogen cyanide 
oligomeric compounds prior to hydrolysis. At least ten different 
fractions were obtained by fractionation on Sephadex G-15. Each 
fraction was then re-analyzed by HPLC before and after acid 
hydrolysis. A direct precursor in the formation of adenine was 
isolated by this method and was shown spectroscopically to be 
adenine-2 or θ-carboxamide. An alternative pathway for the 
formation of adenine was also proposed (chapter V). Further 
studies showed this precursor to be the adenine-B-carboxamide. 
This hitherto unknown derivative of adenine was synthesized and 
shown to be identical to the product isolated from HCN solutions 
(chapter VI). 
Chapter VII describes the isolation and spectral charac­
terization of three, hitherto unknown, imidazole derivatives 
from HCN solutions. These derivatives are probably intermediate 
compounds in an overall reaction mechanism for the synthesis of 
adenine 1ИД HCN and therefore the proposed pathway in chapter V 
could be refined and extended. A similar pathway has also been 
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suggested tor the formation of 4[5]-amlnoimidazole-5[4]-carbo-
nitrile and 4[5]-aminoimidazole-5[4]-carboxamide, without 
requiring proposed photochemical isomerization reactions or 
reactions with foxmamidine. 
Previous work on the formation of microscopic structures 
in ammonium cyanide solutions was performed at elevated 
temperatures. We have investigated the formation of these 
microspheres at room temperature in solutions of hydrogen cyanide 
by electron-microscopy and could extend the previous reported 
work (appendix I). 
Fractionation and isolation of the complex oligomeric 
mixtures as well as the reproducibility are dependent on a number 
of factors such as reaction time and temperature. We have inves-
tigated the rate of formation of a few oligomeric compounds, e.g. 
4[5]-aminoimidazole-5[4]-carbonitrile (AICN). We were also able 
to detect the purine guanine in a yield of 0.002% (appendix II). 
The large number of products formed by the oligomerization 
of HCN, shows that the pathway which we have elucidated 
for the synthesis of adenine represents only a small part of 
the total reactions involved. Therefore this study can be consi-
dered as a small contribution to the complex chemistry of the 
self-condensation reactions of HCN, and the elucidation of 
the question of the'Origin of life". 
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SAMEWATTING 
In de studie naar de oorsprong van het leven kan men twee 
belangrijke/ verschillende richtingen aangeven. Ten eerste de 
synthese van biologisch belangrijke bouwstenen vanuit een pri-
mitieve atmosfeer en ten tweede de interacties tussen deze 
bouwstenen onderling. Bij de vorming van biomoleculen op de 
primitieve aarde/ zoals purinen, pyrimidinen en amino zuren 
wordt algemeen aangenomen dat blauwzuur een belangrijke rol 
heeft gespeeld. Bet onderzoek/ beschreven in dit proefschrift, 
handeldt dan ook over de zeer complexe scheikunde van het zeer 
kleine molecuul waterstofcyanide. 
Het onderzoek kan worden gesplitst in twee gedeelten; de 
isolatie en karakterisering van Produkten die gevormd worden 
tijdens de HCN oligomerisatie en vervolgens, de opheldering van 
de reactie-route naar deze Produkten. 
De absolute opbrengsten van de gevormde verbindingen uit 
de HCN oligomerisatie zijn over het algemeen laag en dienten-
gevolge moet de grootste voorzichtigheid in acht worden genomen 
bij de isolatie en identificatie van de op deze wijze verkregen 
Produkten. In 1974 werd de isolatie van 5,5-dimethylhydantoine 
4. CH 
gerapporteerd, een verbinding met een isopropylfunctie ( C" 3) 
waarvan de synthese zeer onwaarschijnlijk is in oplossingen met 
alleen ammoniumcyanide in water als start materiaal. We hebben 
derhalve de synthese van deze verbinding opnieuw onderzocht en 
zijn tot de conclusie gekomen dat de vorming waarschijnlijk 
-101-
verband houdt met een verontreiniging van aceton in de begin 
oplossing (hoofdstuk II). 
Pyrimidinen, een biologisch belangrijke groep N-hetero-
cyclische verbindingen, zijn reeds eerder geïdentificeerd als 
Produkten uit de HCN oligomerisatie, waaronder 4,5-dihydroxy-
pyrimidine, 5-hydroxyuracil en oroot zuur. Pyrimidinen behorend 
tot de genetische code waren echter nog niet eerder gerapporteerd. 
We hebben daarom \>АЛ een specifieke analytische methode voor de 
isolatie van uracil, deze pyrimidine kunnen aantonen in concen­
traties van 0.001% (hoofdstuk III). 
De isolatie en identificatie van adenine (een purine die 
voorkomt in DNA en RNA) als een hydrolyse produkt van de HCN 
oligomerisatie was een belangrijke bijdrage aan het vraagstuk 
naar de oorsprong van het leven. De synthese van al deze bio­
moleculen vindt echter slechts plaats in oplossingen die een 
HCN concentratie hebben groter dan O.OlM. In meer verdunde op­
lossingen zal HCN hydrolyseren tot formamide en mierezuur. 
Derhalve zijn verschillende studies gedaan naar de mogelijkheden 
van HCN oligomerisatie in verdunde oplossingen, zoals in 
eutectische mengsels of door toevoeging van glycolonitril aan de 
begin oplossing. In het eerste geval wordt de concentratie aan 
HCN in de vloeibare fase verhoogt door kristallisatie van de 
watermoleculen bij temperaturen onder het vriespunt van water, en 
in het tweede geval wordt door toevoeging van de cyanohydrin van 
formaldehyde de snelheidsbeperkende stap in de oligomerisatie van 
HCN ( "CN + HCN •+· dimeer ) ontweken. Wij hebben dientengevolge 
onderzocht de synthese van adenine in verdunde oplossingen van 
HCN bij -20C met en zonder de toevoeging van glycolonitril. In 
beide gevallen kon adenine worden aangetoond, met 4 tot 5 maal 
zoveel adenine in de oplossingen met glycolonitril (hoofdstuk IV). 
Om een beter inzicht te krijgen in het mechanisme van de 
vorming van de biomoleculen, is het noodzakelijk verbindingen te 
isoleren die een rol spelen in dat mechanisme. Dit is echter nog 
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niet grondig onderzocht, waarschijnlijk als gevolg van de moei-
lijkheden bij de fractionering van het zeer complexe oligomere 
mengsel. Wij hebben een fractionerings methode voor de scheiding 
van dit mengsel ontwikkeld. Minimaal tien fracties werden 
geïsoleerd door scheiding over Sephadex G-1S. Elk van deze frac-
ties werd vervolgens opnieuw geanalyseerd V-Lu. HPLC, zowel voor 
als na hydrolyse. Door toepassing van deze fractionering en 
isolatie procedure, waren we in staat een produkt te isoleren 
wat na zure hydrolyse adenine opleverde. De verbinding werd door 
middel van spectrale gegevens (en het feit dat na zure hydrolyse 
adenine ontstaat) gekarakteriseerd als adenine-2 of 8-carboxamide. 
Een reactie mechanisme werd derhalve opgesteld voor de synthese 
van adenine V-La deze voorloper (hoofdstuk V) . Nadere bestudering 
van het massa spectrum gaf echter de voorkeur aan de 8-carbox-
amide. Daar deze verbinding in de literatuur niet bekend is, is 
hiervoor een organische synthese ontwikkeld, en het bleek dat 
de gesynthetiseerde verbinding identiek was aan de verbinding 
geïsoleerd uit de HCN oplossingen (hoofdstuk VI). 
Hoofdstuk VII beschrijft de isolatie en identificatie 
met behulp vein spectrale gegevens van drie, tot nu toe nog niet 
bekende, imidazole derivaten. Deze verbindingen zijn waarschijn-
lijk Produkten van intermediairen in de synthese van adenine. 
Daarom konden we het mechanisme, uit hoofdstuk V, aanpassen en 
uitbreiden. Een overeenkomstig mechanisme voor de eerder voor-
gestelde verbindingen 4[5]-aminoimidazole-5[4]-carbonitrile en 
4[5]-aminoimidazole-5[4]-carboxamide, zonder eerder voorgestelde 
isomerisatie reacties of reacties met formamidine wordt ook 
gegeven. 
De vorming van microscopische structuren uit BCN, ver-
kregen onder reactiecondities van 90 С, is reeds eerder onder­
zocht. Wij hebben bekeken of deze structuren ("bollen") ook 
worden gevormd bij kamertemperatuur (appendix I) en konden 
daardoor het eerder gerapporteerde werk bevestigen en uitbreiden. 
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De fractionering en isolatie van het zeer complexe oligo-
mere mengsel en de herhaalbaarheid van de scheidingen zijn van 
verschillende factoren afhankelijk, zoals reactietijd en tempe-
ratuur. We hebben dientengevolge de synthese snelheid bekeken 
van enkele oligomerisatie Produkten, waaronder 4[5]-amino-
imidazole-5[4]-carbonitril (AICN). Een purine behorend tot de 
genetische code, guanine, kon in een opbrengst van 0.002% worden 
geïdentificeerd (appendix II). 
Het zeer complexe mengsel en de enorme hoeveelheid Produk-
ten die gevormd worden uit de HCN oligomerisatie laat zien 
dat de route voor de synthese van adenine slechts een klein 
gedeelte is van de totale reacties die zich tijdens de oligo-
merisatie afspelen. Derhalve kan het onderzoek, beschreven in 
deze dissertatie beschouwd worden als slechts een kleine bijdrage 
aan de complexe HCN chemie en de zeer ingewikkelde vraag naar 
het ontstaan van leven. 
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I. 
De toekenning van de absorptie pieken op 2225 cm'1 en 2250 cm~' in 
het infrarood spectrum aan nitrii functies is op aichzelf juist. 
Het hierbij vermelden dat het om reactieprodukten gaat, daar de 
uitgangsstoffen (cyanamide en kaliumnitriet) op deze plaatsen geen 
signaal geven is ongeloofwaardig. 
G.Vollin and V.B.F.Ryan 
Biochim. Biophys. Acta 584, 493 (1979). 
II. 
Het reactiemechanisme via het enolaat voor de omlegging van 4 
gesubstitueerde 5-hydroxy-3-oxocyclopentenen naar de 2 gesubsti-
tueerde analoga, kan niet eenduidig bevezen vorden door middel van 
deuterium inbouw. 
A.Scettri, G.Piancatelli, M.D Auria 
and G.David 
Tetrahedron 35, 135 (1979). 
III. 
Aan het effect als verscherpingszone van een 1 cm Sephadez G-50 
zuil, gebracht bovenop een Sephadex G-10 gel, zoals gesteld door 
Enkhardt en Gräser, valt te twijfelen. 
U.Enkhardt und H.Graser, 
Journal of Chromatography 193, 373 
(1980). 
IV. 
Bij het vergelijken van de gevoeligheid van foeforescentie-
detectie met die van uv-detectie in HPLC-analysen van polychloor-
bifenylen en polychloor- naftalenen heeft Donkerbroek onvoldoende 
rekening gehouden met het feit dat de door hem onderzochte verbin-
dingen niet allemaal maximaal absorberen bij de ingestelde uv-
golflengte. 
J.J.Donkerbroek 
Dissertatie VU 28-4-1983. 
V. 
Het is op zijn minst merkwaardig te noemen dat Bengtsson and Ca-
vallin in hun publicatie van een Schema voor het electronisch cor-
rigeren van basislijndrift bij capillaire gaschromatografie met 
electron capture-de tec tie, de waarden van de verschillende com-
ponenten niet vermelden, en dat de signalen in beide chromatogram-
men niet overeenkomen. 
G.Bengtsson and C.Cavallin 
J.Chromatography 240, 4Θ8 (19Θ2). 
VI. 
Het probleem van piek-identificatle bij computergestuurd optima-
liaeren van de mobiele fase samenstelling in vloeistofchromato-
grafie kan niet zonder meer met behulp van ratio-ing worden op-
gelost . 
A.C.J.H.Droben, H.A.H.Billiet, 
P.J.Schoenmakers and L.de Galan 
Chromatographie 16, 48 (1982). 
VII. 
Het is grappig te constateren dat de scheikunde ook binnen de 
wereld van de stripverhalen wordt gebruikt. Het is echter jammer 
dat de hiermee gepaard gaande humor slechts door een klein deel 
der lezers begrepen wordt. 
Astrix en het Ie legioen blz. 39 
Astril en de broedertwist blz. 7 
VIII. 
Door de bezuinigingen in het wetenschappelijk onderwijs en de 
invoering van de 2 fasen-structuur zal het aantal studenten dat de 
eindstreep haalt minder worden en dientengevolge zal alleen de ab-
solute werkeloosheid onder academici afnemen. 
IX. 
Het feit dat blauwzuur niet door iedereen in gelijke mate geroken 
wordt, wil niet zeggen dat het niet in gelijke mate gevaarlijk zou 
kunnen zijn. 
Chemical and Engineering News. 
Dec. 13, 1982 page:82. 
X. 
Het door sommige media bewust niet noemen van de sponsornaam bij 
belangrijke wedstrijden of sportploegen, heeft een tegengestelde 
uitwerking. 
XI. 
Ondanks het feit dat bij de patiëntenbehandeling door studenten 
tandheelkunde de behandelingsduur vaak zeer lang is en de studen-
ten nog onervaren zijn, worden deze nadelen ruimschoots gecompen-
seerd door de uitmuntende kwaliteit van de behandeling. 
XII. 
Het klakkeloos overnemen van een "wetenschappelijk" telexbericht 
en het tevens van commentaar voorzien in een respectabel dagblad, 
"zonder het desbetreffende bericht bij de wetenschappers nagetrok-
ken te hebben, is laakbaar en misleidend. 
HHC-handelsblad, 7 jan. 1982. 
Nijmegen, 29 juni 1983 A.B.Voet. 


